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ABSTRACT

In this work, we used supramolecular interactions to construct systems that respond to 

analytical stimuli and report on specific chemical species in solution using optical spectroscopic 

techniques (e.g. absorbance and fluorescence spectroscopy), affording low cost and high 

sensitivity. To obtain selectivity, we used cross-reactive sensors (organic dyes, conjugated 

polymers) to generate differential response patterns when exposed to families of subtly different 

analytes of interest. The differential responses produced large data sets that were interpreted 

using well-established pattern recognition algorithms, such as linear discriminant analysis (LDA) 

and principal component analysis (PCA).  

We first report on conditions and methods based on linear discriminant analysis to predict 

the identity and composition of samples containing metal ion mixtures without prior physical 

separation, a common shortcoming of these systems. We also report on a higher-sensitivity metal 

ion sensing array composed of novel fluorene-based conjugated polymers with high affinity 

groups to detect nine divalent metal cations down to 500 pM in freshwater, and to 100 nM in 

seawater samples collected from the Gulf of Mexico. This robust system was sufficiently 

sensitive for detection below the maximum mandated concentrations set by the US 

Environmental Protection Agency (EPA) for toxic metals in drinking water and aquatic 

ecosystems. 

Similar highly sensitive, fluorene-based conjugated polymers were used again to detect 

pollutants with intrinsic characteristic light absorption such as polycyclic aromatic hydrocarbons 

(PAHs) and azo textile dyes. Instead of chemical interaction with these analytes, the polymers 
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displayed good spectral overlap with the absorbance spectra of the targets, leading to changes in 

their optical spectrum caused by the inner filter effect, where the analytes themselves acted as 

ñchemical filtersò. 

Finally, we investigated the nature of the binding interactions between PAH probes and 

amine-terminated poly(amidoamine) (PAMAM) dendrimers. Using time-resolved fluorescence, 

fluorescence anisotropy, and selective quenching experiments, we used two probes, anthracene 

and pyrene, to highlight distinct binding modes and locations to the polycationic, 

macromolecular PAMAM hosts, paving the way for future applications of such charged 

polymers with interesting affinity towards hydrophobic guests. 
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CHAPTER 1 

 

INTRODUCTION

 

1.1 Supramolecular chemistry 

Supramolecular chemistry is the study of molecular assemblies and intermolecular 

interactions in artificial systems.1 Over 30 years ago, Jean-Marie Lehn, Donald Cram, and 

Charles Pedersen brought significant attention to the field of supramolecular chemistry, winning 

the Nobel Prize in chemistry in 1987. Since then, considerable research involving intermolecular 

interactions and molecular self-assembly has been undertaken for many applications.1-3 Early in 

this field, common systems studied involved a variety of molecular recognition processes,4 

including electrostatic interactions, hydrogen bonding, and cation-ˊ interactions, providing 

relatively weak interactions that are easily reversible under thermodynamic control using mild 

conditions.5 In fact, even reversible covalent interactions have also been introduced as systems 

with similar features to non-covalent supramolecular chemistry; namely reversible bond or 

adduct formation, generating products at continuous thermodynamic equilibrium.6  

Given the many types of intermolecular interactions accessible for the molecular 

assembly of multiple chemical species, it is often the case that supramolecular systems benefit 

from a variety of possible interactions relating to the host, guest, and bulk surroundings. 

Therefore, it is important to outline and summarize each of the covalent and non-covalent 

supramolecular interactions that are relevant to this work. 
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1.1.1 Metal -ligand coordination 

Metal-ligand coordinative interactions are unique, in that they can have electrostatic 

characteristics, but are primarily driven by the covalent nature between a metal acceptor (Lewis 

acid) and an organic donor (Lewis base).7-8 Therefore, these interactions have found widespread 

use in supramolecular chemistry thanks to their well-defined and well-known geometries, 

compared to weaker non-covalent interactions. Owing to the highly predictable nature of 

transition metal coordination with labile ligands, self-assembly of small molecules using these 

coordinative interactions offers greater control over design, sizes, and dimensions of the desired 

supramolecular ensembles.9 

1.1.2 Electrostatic interactions 

Electrostatics are among the strongest non-covalent interactions, ranging between 

5-250 kJ mol-1.5 Generally, they involve either an attractive force between oppositely charged 

species or a repulsive force between species with the same charge. These interactions can range 

from full formal charged species to weaker dipole-dipole interactions. 

1.1.3 Cation-  ́and polar-  ́interactions 

Generally, ˊ systems within a molecule are associated with regions of electron density 

above and below the plane of the ů bonding scaffold. Therefore, they can readily interact with 

positively charged cations, with relative strength (see Scheme 1-1); in fact, this attractive 

interaction can be on the same order as a hydrogen bond with strengths between 5-80 kJ mol-

1.5,10 
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Scheme 1-1 The stabilizing interaction between a potassium cation (K+, left) and primary 

ammonium cation (NH3
+, right) and the face of a benzene molecule. 

Given its quadrupolar nature, benzene and other aromatic compounds can also interact 

with polarized hydrogen bonds (such as water or ammonia).5 Like cation-ˊ interactions, this 

involves an attractive force between the partially negative charge of the ˊ system with the 

partially positive hydrogen atoms. This interaction can also occur between an aromatic moiety 

and a polarized C-H bond, such as that shown in Scheme 1-2. An example of a practical 

application using these kinds of interactions is writing and erasing on paper with a graphite 

pencil, in which the aromatic graphite interacts with the polysaccharide (cellulose) of the paper 

through polar-ˊ interactions, and the rubber eraser removes these interactions via competitive 

C-H-ˊ interactions with the graphite.11-12 

 

Scheme 1-2 The attractive interaction between a polarized C-H bond (Ŭ-carbon of ammonium 

group) and the face of a benzene molecule. 
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1.1.4 -́ˊ interactions 

-́ˊ and aromatic-aromatic interactions (also termed ñˊ stackingò) are an attractive 

interaction between the negative region of a śystem (e.g. face of an aromatic ring) with the 

region of positive electrostatic potential (typically the edges of the ů bonding scaffold).5,13 These 

interactions can be quite prominent, especially when mostly non-polar aromatic compounds are 

introduced into water, incorporating a large hydrophobic component to the system. Contrary to 

the common term, ñˊ-stackingò, the two ˊ systems are not directly stacked; in fact they must be 

displaced to allow the appropriate regions of the molecules to attain an attractive interaction 

(direct stacking would be highly unfavorable and repulsive, see Scheme 1-3). 

 

Scheme 1-3 The favorable displaced (or slipped) stacking of two benzene molecules. 

1.1.5 The hydrophobic effect 

Using more polar solvents (such as water) can force non-polar molecules together, even 

in the absence of appropriate functional groups for intermolecular binding. As shown in 

Scheme 1-4, the basis for this phenomenon is a favorable entropic gain by the solvent, as forcing 

the aggregation of hydrophobic molecules frees up many more solvent molecules from having to 

solvate each hydrophobic molecule individually, thereby lowering the overall free energy of the 

system.5,14 
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Scheme 1-4 The hydrophobic effect, displaying a greater number of water molecules being freed 

up when two hydrophobic solute molecules are brought together, causing an entropic gain and 

lower overall free energy of the system. 

1.2 Molecular sensing methods 

Molecular sensing refers to the aspects of supramolecular chemistry and molecular 

recognition that are coupled with a detectable change in a measurable macroscopic property of 

the system, resulting in an analytical signal.2 This signal modulation can be challenging, 

requiring distinct molecular recognition receptors that can change the chemical or physical 

properties of the molecular environment upon exposure to structurally similar analytes (good 

selectivity), while at the same time transforming the perturbations into useful signal changes at 

the desired concentrations (good sensitivity).15 Common signal transduction methods use either 

optical spectroscopy or electrochemical approaches, and for many years, fluorescence 

spectroscopy has led the way as one of the most sensitive optical signal transduction 

techniques.16 Moreover, UV-vis absorption, although less sensitive, has also been extensively 

studied because of its extreme ruggedness, wide availability, and ease of use. In this work, we 

will focus mainly on absorbance and fluorescence spectroscopic signal transduction. 

1.2.1 Cross-reactive sensing 

Typical sensor design uses a ñlock and keyò strategy, in which a single purpose-built 

receptor is used to selectively bind a specific analyte. However, this process for molecular 

sensing can be cost intensive and time consuming if one attempts to target multiple analytes, 
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requiring the design and synthesis of specialized receptors for each analyte. Therefore, 

differential molecular sensing has been extensively used as an alternative approach,17 designed to 

mimic the olfactory and gustatory sensing systems, in which non-specific sensors generate 

responses that produce recognizable patterns for analyte classification and identification.18-19 

Akin to biological chemosensory systems, the individual receptors themselves are not highly 

selective for any one stimulus; instead multiple receptors respond differentially to a single 

analyte (e.g. an odorant in mammalian olfactory systems), and also any one receptor responds to 

many analytes.20-21 These kinds of promiscuous, non-selective chemical sensory systems, also 

termed cross-reactive, have gained widespread interest over the last 20 years in the chemical 

sensing community with the advent of chemical or electronic noses or tongues.22-23 

1.2.2 Array -based sensing 

Given the built-in non-selectivity of cross-reactive sensing, a series of receptors are 

arranged in an array style format, whose collective and chemically diverse response leads to the 

discrimination of many similar analytes, designed and developed by many researchers, such as 

Anslyn, Anzenbacher, and others (see Scheme 1-5).24-25  
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Scheme 1-5 A visual representation of a cross-reactive sensing array with non-selective 

receptors, whose exposure to four different analytes (A-D) provides distinct response patterns 

(i.e. ñchemical fingerprintsò) that can be interpreted to successfully detect all four analytes. 

More specifically, colorimetric and fluorometric sensing arrays often combine the good 

selectivity from array sensing with high sensitivity from optical spectroscopic methods, and are 

recognized as high throughput and inexpensive detection methods of many analytes in a single 

experiment.26-29 In recent years, pattern recognition methods have been developed by other 

research groups for the detection of an assortment of analytes including small organic 

molecules,30-41 gases,42-44 proteins,45-47 nanoparticles,48 and bacteria in biofilm matrices.49 In fact, 

chemical fingerprinting has even been extended to the identification of more complex chemical 

processes, such as molecular aggregation and enzyme activity.50-51 Array sensing approaches 

invariably produce complex responses, often leading to multivariate data sets. The resulting large 

data sets are typically interpreted using well-established data processing and automated pattern 

recognition techniques, as described below. 
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1.3 Chemometric pattern  recognition and data interpretation methods 

The response patterns generated from the data collected in sensing arrays are often too 

cumbersome to be interpreted by simple analytical calibration methods; instead, the wealth of 

information is interpreted using multivariate methods, which aid in reducing the dimensionality 

of the information contained in the large data sets.52-54 The two methods used primarily 

throughout this dissertation are linear discriminant analysis (LDA) and principal component 

analysis (PCA). Analysis using LDA is a supervised technique, meaning that the samples are 

classified before data processing is carried out, whereas PCA is considered to be unsupervised, 

since sample identity is classified as a result of the analysis. Therefore, these two methods are 

often run in tandem to ensure that the results from the more ñaggressiveò, supervised LDA 

analysis are representative of strong underlying chemical responses of the array components. In 

the following sections, we will discuss these two multivariate techniques in more detail. 

1.3.1 Linear discriminant analysis (LDA)  

The LDA algorithm operates on a data set to generate a new set whose descriptor 

variables are linear combinations of the original instrumental variables, constructed so that 

maximum separation between sample clusters is achieved, while at the same time minimizing 

separation between replicate measurements for the same analyte.55-56 The descriptor variables, 

called factors, are returned in decreasing order of information content. This important feature 

allows for straightforward dimensionality reduction, where one can drastically reduce the size of 

the data set by retaining only the first few, most important, factors with minimal loss of 

information. After retaining only the first two factors, each sample in the transformed data set is 

now associated with only a pair of numbers, its factor scores, which can be used as data points in 

a two-dimensional plot, called a scores plot. Also provided by the LDA analysis are the factor 
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loadings; i.e. the contributions of each raw measurement to the LDA factors. Since we will most 

commonly reduce our results down to two dimensions, we will typically be most interested in the 

makeup of the first two factors, which will be presented by a two-dimensional loadings plot. For 

these reasons, LDA has become an increasingly popular multivariate data processing method, 

used by top researchers for the detection of explosives,57-58 peptides,59 and proteins.60 

1.3.2 Principal component analysis (PCA) 

Principal component analysis (PCA) is one of the most common statistical treatments 

used for the interpretation of sensor array data sets.61-62 Unlike LDA, the unsupervised PCA 

method interprets the data by preserving the variances within the data, without classification 

beforehand. Specifically, PCA reorganizes the data by finding linear combinations of the original 

data, generating principal components (PCs), which are the corresponding eigenvectors that lie 

in the direction of maximum variance within the data set. Similar to LDA, the PCs are also 

reported in decreasing order of their degree of variance. Thus, PCA merely summarizes and 

highlights latent features in the raw data set. 

From the standpoint of array sensing, successful PCA results should provide clear 

clustering of replicates for the same sample, while maximizing the differences between different 

samples, using two or three relevant PCs. This concept is not a foregone conclusion of PCA, 

although it is an intrinsic aspect of the LDA algorithm. Therefore, a successful PCA can not only 

report directly on the discriminatory power of the sensing system, but also on the quality of the 

arrayôs response. As such, PCA has received considerable interest as a frequently used 

multivariate data processing method for many important array sensing applications for a variety 

of relevant analytes.63-64 
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1.4 Polyelectrolytes 

Polyelectrolytes are polymers whose repeat units contain charged functional groups; 

polyanions and polycations refer to polymers with multiple negative and positive charges, 

respectively. Structurally, polyelectrolytes can take many forms and architectures, including 

linear, branched, or hyperbranched polymers, as shown in Scheme 1-6. They have found many 

practical applications (Scheme 1-7) in water treatment,65 drug delivery systems,66 among many 

others.67 One major advantage of polyelectrolytes is the large number of charged groups that 

increase their solubility and usability in water solution, which depends on the size of the polymer 

and the number, location, and density of the solubilizing groups. Some of these polymers have a 

hydrophobic backbone as is the case for many conjugated polyelectrolytes. 

 

Scheme 1-6 Structural representation of linear (left) and hyperbranched (right) cationic 

polyelectrolytes. 
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Scheme 1-7 Representative examples of well-known polyelectrolytes:67 (left) hyaluronic acid, an 

anionic polyelectrolyte used as a lubricant to alleviate joint pain; (right) poly(ethylenimine) (PEI) 

is a cationic polyelectrolyte that is used in industrial waste treatments. Red fragments denote 

charged functional groups on each polyelectrolyte. 

1.4.1 Conjugated polymers 

Conjugated polymers, two of which are displayed in Scheme 1-8, are macromolecules 

with a conjugated backbone, whose extended ́-systems leads to unique electronic (e.g. 

conductivity) and optical properties. They offer significant advantages over their small-molecule 

counterparts, such as more cooperative, high affinity analyte-receptor and non-specific 

interactions, as well as amplified collective responses to the intermolecular interactions.68 

Therefore, conjugated polymers have been extensively studied over the last 25-30 years; among 

their many applications, their use as emergent fluorescent chemosensory materials to improve 

the analytical sensitivity of typical fluorescence sensors has been widely exploited (see 

Scheme 1-9). 

 

Scheme 1-8 Chemical structures of representative conjugated polymer backbones: (left) 

poly(p-phenylene) and (right) poly(phenylene-ethynylene). 
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Scheme 1-9 Traditional chemosensor whose analytical sensitivity is related to the concentration 

of bound receptor (binding constant, Keq.) vs. receptors wired in series, whose collective 

response leads to signal amplification and sensitivity enhancement. This scheme was adapted 

from Swager et al.16 

The enhanced sensitivity is not only attributed to cooperative increase in the association 

constants from more binding sites, but also to excited state (exciton) migration along the 

conjugated polymer chain.69-71 For example, as excitons diffuse along the polymer, they may 

encounter a bound analyte at a remote binding site, which can act as a quencher and drastically 

reduce the overall fluorescence signal from the polymer; this collective response has been termed 

the ñmolecular wire effectò.72-73 As a representative example, this energy migration to a local 

minimum was demonstrated by Timothy Swager and co-workers for a 

poly(phenylene-ethynylene) conjugated polymer, emitting from an anthracene ñantennaò end 

group.74 In particular for conjugated polyelectrolytes, additional common factors that can also 

influence emission include quenching induced by polymer aggregation in certain solvents, and 

also analyte-induced aggregation.75-76 Given these unique properties, conjugated polymers have 

found many analytical applications:77 a variety of such systems have been reported for the 
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detection of many analytes, including small organic molecules,30,78-84 metal cations,85-88 and 

biologically relevant targets.89-92 

1.4.2 Poly(fluorene) co-polymers 

Poly(fluorene)-based polymers (see Scheme 1-10) are well-known as bright blue emitters 

with rigid, rod-like structures, analogous to poly(p-phenylene)-type polymers.93-94 The fluorene 

monomer can be coupled with conjugated spacer groups in an alternating co-polymer assembly 

to achieve highly tunable (opto)electronic properties. Another advantage of fluorene is the sp3 

carbon atom (highlighted in red in Scheme 1-10) that is available to covalently attach pendant 

functional groups, often used to add water solubilizing groups to the polymerôs hydrophobic 

backbone.95-98 Another common conjugated polymer backbone is poly(phenylene-ethynylene), 

which has been studied extensively by Schanze and co-workers, displaying quantum yields and 

quenching sensitivity comparable to poly(fluorenes).99 Despite the many similarities between 

poly(p-phenylene) and poly(fluorene) polymers, the differential quenching responses can often 

be quite different, owing to their greatly different frontier molecular orbital (FMO) energies, 

tendencies to aggregate in water, and fluorescence lifetimes, due to structural changes between 

their ground and excited states.100-102 

 

Scheme 1-10 Chemical structures of fluorene monomer and poly(fluorene). The sp3 carbon atom 

used to covalently attach metal binding ligands is highlighted in red on the monomer structure. 

In the following, we will present a variety of fluorene-based co-polymers for sensing 

applications that contain conjugated spacer groups, including 1,4-phenylene (p-phenylene), 
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ethynylene, and thiophene groups, covalently linked to make up the monomer that, when 

polymerized, generates the alternating co-polymer conjugated backbone (see Scheme 1-11). The 

change in conjugated linker provides an assortment of electronic properties, altering the 

polymerôs corresponding optical spectroscopic properties, whereas the pendent arms (R-groups 

in Scheme 1-11) can be used to adjust the binding affinity, enhance the polymersô water 

solubility, and to add appropriate optical modifier groups. 

 

Scheme 1-11 Chemical structure of novel poly(fluorene) alternating co-polymers with examples 

of -́spacers used to make up the conjugated backbone that will be used in this work for 

analytical applications. 
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CHAPTER 2 

 

CHEMICAL FINGERPRINTING OF METAL CATION MIXTURES

 

2.1 Introduction: the problem of mixtures 

Pattern-based array sensing techniques, also known as chemical fingerprinting, have been 

extensively used in the Bonizzoni research group for the detection of structurally similar 

analytes. As mentioned previously, these methods offer improved selectivity thanks to the 

analytesô cross-reactive, differential responses to only a few promiscuous receptors, rather than 

using one specialized receptor for each analyte. Despite their increased selectivity and high 

discriminatory power, array sensing systems often falter when exposed to analytes in a mixture. 

As is the case for other detection methods (i.e. selective recognition methods), often physical 

separation is needed before the analytes can be successfully differentiated (e.g. GC-MS or 

HPLC); this is no different for chemical fingerprinting systems. For example, even if an array 

sensor is able to differentiate two pure analytes, the system may often respond unpredictably to a 

mixture of the two analytes. This is depicted in Figure 2-1, using a scores plot as a common way 

of presenting results in pattern recognition. 
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Figure 2-1 Depictions of the linear (green) vs. nonlinear (red) relationship between a 1:1 mixture 

of analytes A and B and the response of its pure components. 

This visual representation displays two separate cases for the response of an array 

towards a 1:1 binary mixture. One might assume that if one can train a pattern recognition 

system to recognize pure substances A and B, then the response of a 1:1 mixture of the two 

would fall halfway between them (a linear response, green section). However, this is often not 

the case in most array sensing systems (red section), due to inherent nonlinearities in the 

analytical response of the underlying chemical sensors in the array sensing platform. Typically, 

either the user is operating in a nonlinear portion of the analytical response curve, or the chosen 

signal transduction method does not respond linearly. Consequently, predicting where an 

unknown mixture would fall based on the response to its pure components is exceedingly 

difficult . On the other hand, a completely linear response would make unknown mixture analysis 

remarkably straightforward for all possible mixtures. For example, a 2:1 mixture of A:B should 

fall two-thirds of the way towards the pure A cluster on a line that connects the A and B clusters. 

In this chapter, we will discuss the design and development of an array-based sensor that is able 
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to linearly map pure analytes and their mixtures in a two-dimensional plot. The results were then 

used to accurately predict the contents of unknown mixture samples. Furthermore, the system 

was also constructed to respond linearly to changes in varying total analyte concentrations, 

allowing for a simultaneous quali-quantitative determination of the nature and concentration of 

an unknown analyte contained in a mixture using only a single experiment without the need for 

physical separation prior to detection. 

2.2 Project design 

This chapter will demonstrate that pattern-based analysis of mixtures can be achieved if 

the array components are carefully controlled so that the underlying chemical interactions, the 

analytical signal transduction method, and the data processing method respond linearly. For our 

system, UV-vis absorbance spectroscopy was chosen as the analytical detection method, due to 

the ease with which a rigorous linear dependence of signal intensity (absorbance) on changes to 

concentration can be achieved. Moreover, this linear dependence can be retained over a 

concentration range spanning several orders of magnitude by making simple changes in optical 

path length. The cross-reactive, chemical receptors needed to be carefully chosen for the array so 

that their absorbance signals would change significantly, differentially, and linearly upon 

exposure to multiple analytes.  

To ensure strong linearity in the receptorsô signal changes, organic dyes were chosen as 

sensors that are well-known to form highly favorable supramolecular complexes with our 

analytes of interest. These strong interactions would be characterized by binding curves with 

robust, linear features. Thus, divalent metal cations and their mixtures were chosen as testbed 

analytes for our design principles. Along with being viable candidates for mixture analysis, metal 
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cation detection is of great practical importance because of their implications to human health 

and environmental safety.103 

After screening several dye candidates for inclusion in a cross-reactive style array 

(Figure 2-2), two very good metal-binding dyes were found that provided excellent linear 

characteristics, meeting the desired specifications. The two dyes used in this study, xylenol 

orange (XO) and methylthymol blue (MTB), are shown in Scheme 2-1 and have long been 

known to form strong coordination complexes with multiple metal cations.104-105 
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Figure 2-2 Absorbance spectra of various dyes (ARS, 30 µM; AC, 30 µM; PV, 30 µM; CF, 

30 µM; NYS, 50 µM; and GCR, 20 µM), upon titration with NiCl2. Measurements conducted in 

H2O solution buffered to pH 7.4 with 50 mM HEPES. 
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Scheme 2-1 Chemical structures of xylenol orange (XO) and methylthymol blue (MTB) in their 

likely protonation state in neutral water solution (pH = 7.4). 

Finally, linear multivariate data processing methods were selected for the array sensing 

system, namely linear discriminant analysis (LDA) and principal component analysis (PCA), 

whose goal is to find linear combinations of features in the data that best differentiates the 

analytes of interest. Indeed, there have been many reported examples in the literature for the 

differentiation of metal cations using LDA and PCA algorithms for multivariate data analysis, 

although these examples suffered from the ñproblem of mixturesò.106-110  

Using metal cations as a valuable proof of principle, we first hoped to demonstrate that 

the two-dye array could differentiate numerous divalent metal cations qualitatively. As a first 

step, benchtop absorbance measurements were performed to determine the regions of greatest 

differential response when metal ions were titrated into each dye. As a representative example, 

shown in Figure 2-3, Ni(II) di splayed vast absorbance signal changes at different regions in the 

spectrum, as Ni(II) was titrated into each dye. More importantly, based on each dyeôs binding 

profile, there are clear regions in the binding curve at 578 and 604 nm for which the response is 

completely linear with respect to increasing Ni(II) concentration. At lower Ni(II) concentrations, 

there is a steep linear increase in absorbance, followed by a plateau at high [NiII]. 
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Figure 2-3 (A) Representative absorbance spectra acquired over the course of the titration of XO 

(5 ɛM) with NiCl2 (0-14.4 ɛM) and corresponding isotherm from the same titration at 578 nm. 

(B) Representative absorbance spectra acquired over the course of the titration of MTB (7.5 ɛM) 

with NiCl2 (0-21.7 ɛM) and corresponding isotherm from the same titration at 604 nm. 

Measurements were conducted in H2O solution buffered to pH 7.4 with 50 mM HEPES. 

Metal binding titrations were carried out with eight divalent transition and main group 

metal chloride salts into each dye (CuCl2, CoCl2, NiCl2, MnCl2, HgCl2, CdCl2, PbCl2, and 

ZnCl2), to ascertain the dyesô cross-reactive behavior and linear response upon exposure to these 

metal ions. These absorbance titration spectra for XO and MTB dyes are displayed in Figure 2-4 

and Figure 2-5, respectively. For consistency, all titrations were carried out in aqueous solution 

containing 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES buffer) 

adjusted to pH 7.4. To prevent biasing effects from the metalsô counterion, all metal(II) salts 
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used throughout this study were chloride salts, since Cl- is a well-solvated and relatively inert 

anion in neutral water solution.111 For clarity, a comparison of all eight divalent metal chloride 

salts titrated into XO and MTB dyes is presented in Figure 2-6 as profiles at 578 nm and 604 nm, 

respectively. As the metal ion concentration was increased, noticeable differences in behavior 

were observed. For example, at a M(II):XO ratio of 2:1, very marked differences in the 

absorbance were apparent for the ZnII vs. CuII vs. NiII complex at 578 nm. This varied behavior 

for all metal ions is a consequence of the underlying differences in binding modes and affinities 

(e.g. binding geometry, stoichiometry). 
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Figure 2-4 Absorbance spectra of XO (5 ɛM), upon addition of (A) CoCl2, (B) NiCl2, (C) MnCl2, 

(D) CuCl2, (E) CdCl2, (F) HgCl2, (G) PbCl2, and (H) ZnCl2 (0-33.0 µM). Measurements were 

conducted in H2O solution buffered to pH 7.4 with 50 mM HEPES. 
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Figure 2-5 Absorbance spectra of MTB (7.5 ɛM), upon addition of (A) CoCl2, (B) NiCl2, 

(C) MnCl2, (D) CuCl2, (E) CdCl2, (F) HgCl2, (G) PbCl2, and (H) ZnCl2 (0-36.5 µM). 

Measurements were conducted in H2O solution buffered to pH 7.4 with 50 mM HEPES. 
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Figure 2-6 Binding isotherms from the titration of aliquots of eight metal(II) chlorides into 

solutions of xylenol orange (XO, 5 ɛM, top) and methylthymol blue (MTB, 7.5 ɛM, bottom) in 

buffered water (pH 7.4, 50 mM HEPES). 

From absorption profiles such as those presented in Figure 2-6, metal-dye binding 

constants could be determined for the divalent metal ions shown above with XO and MTB dyes. 

Experimental data was fit to binding models using the HypSpec2007 software; a representative 

example for these fittings with Ni(II) into each dye is displayed in Figure 2-7. Absorbance data 

used for fitting was selected based on the largest observed changes in the spectra (typically from 

500-700 nm). These results indicate that the XO and MTB dyes display vastly different 

stoichiometries; XO tends to form a 1:2 metal:dye complex followed by a 1:1 complex. 

Surprisingly, a 2:1 complex was not observed for the XO dye. On the other hand, the MTB dye 



 

26 

 

appears to form a 1:1 metal:dye complex, and a 2:1 metal:dye complex at higher [MII], 

presumably binding one metal ion on either side of the dye. Given the very similar chemical 

structure of each of these dyes, this surprising difference in stoichiometry for metal binding was 

welcome for our proposed system, since each dye can respond differentially and uniquely to 

various divalent metal ions depending on their chemical nature and concentration. 

 

Figure 2-7 Representative titration profiles upon addition of NiCl2 into XO at 578 nm (left) and 

MTB at 604 nm (right), along with the corresponding nonlinear fit obtained using the HypSpec 

software. Dotted red lines display the profiles obtained from the fit of the blue experimental data 

points to a 2:1 and 1:1 dye:cation model for XO vs. a 1:1 and 1:2 dye:cation model for MTB. 

Solid colored lines represent the relative concentrations of free dye (green line), 1:1 dye:NiII 

complex (brown line), and the 1:2 MTB:Ni II or 2:1 XO:Ni II complex (blue line) as NiCl2 is 

added over the course of the titration. 

The determined binding constants for all eight divalent metals into each dye are presented 

in Table 2-1. Comparison of 1:1 binding constants for eight metal ions into each dye gave values 

ranging from 105 to 1010 in favor of dye-metal complex formation. These values are indicative of 

strong binding affinity coupled with widespread variability, spanning several orders of 

magnitude. The strong affinity assures that binding curves will display near linear behavior over 

a wide range of metal ion concentrations for all divalent metal ions in this study, while the good 
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variability provides a basis for successful discrimination using these dyes as cross-reactive 

receptors in a pattern-based sensing array. 

Table 2-1 Binding constants for 2:1, 1:1, and 1:2 dye:metal complexes obtained from non-linear 

fitting of the absorption profiles from the titration of metal(II) chlorides into dye solutions in 

buffered water (pH 7.4, 50 mM HEPES). 

M 2+ XO 
(LogK

2:1
 + LogK

1:1
) 

MTB  
(LogK

1:1
 + LogK

1:2
) 

Mn 5.46(5) + 6.14(1) 6.00(2) + 4.97(4) 

Co 6.3(3) + 7.88(9) 8.6(2) + 6.7(7) 

Ni 5.5(2) + 7.36(6) 7.47(3) + 6.27(6) 

Cu 6.3(1) + 8.30(4) 9.29(7) + 7.7(2) 

Cd 6.6(2) + 7.82(6) 7.06(3) + 5.91(6) 

Hg 6.8(1) + 6.35(3) 6.89(4) + 5.52(8) 

Pb 5.88(7) + 8.62(2) 8.42(2) + 7.27(5) 

Zn 6.8(3) + 9.6(1) 9.8(3) + 7.9(7) 

2.3 Qualitative  results 

In addition to those observed at 578 nm (for XO) and 604 nm (for MTB), further 

differences were also evident in other parts of the spectrum for each dye-metal complex. This is 

evident in Figure 2-4 and Figure 2-5 (e.g. changes in absorbance between 400-500 nm). Taken 

together, these features would in principle allow one to uniquely identify the nature of each metal 

by analysis of the absorbance spectra at relatively high concentration. However, distinguishing 

each metal at lower concentrations would become increasingly difficult: instead this wealth of 

information was interpreted using computational pattern recognition techniques, which could 

identify the differential behavior observed in the benchtop titrations. Given the strong binding, 

and therefore, highly linear spectral response with changing metal ion concentration, this system 
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provided an ideal testbed for our hypothesis that retaining a nearly linear response from all array 

components will yield a pattern-based sensing system that accurately predicts the nature and 

concentration of analytes in a mixture without the need for physical separation. 

For repeatable acquisition of absorption data at multiple wavelengths on many different 

metal cations, dyes and metal ion solutions were laid out on 384-well microplates and 

experiments were conducted on an automated plate reader. For qualitative experiments, plates 

contained 15 replicates of each metal sample, together with dye reference standards and buffer 

blanks. For the initial qualitative experiment, the array of XO and MTB dyes was exposed to 

eleven divalent metal chloride salts: BaII, MgII, FeII, MnII, CoII, NiII, CuII, HgII, CdII, ZnII, and 

PbII. All conditions for the plate were identical to the benchtop titrations shown earlier, i.e., H2O 

solutions buffered to pH 7.4 with 50 mM HEPES and metal chloride salts were used throughout. 

In addition to the divalent transition metal ions from the benchtop titrations, FeII was 

added to the analyte panel. Iron(II) could not be included in the benchtop titrations shown above 

because of its instability in aqueous solution. More specifically, iron(II) tends to be slowly 

oxidized to iron(III) in solution by dissolved oxygen in water.112 The resulting acidic FeIII  aqua 

complex is then susceptible to pH-dependent hydrolysis to form insoluble precipitates, leading to 

major inconsistencies in FeII concentration over time.113 Therefore, iron(II) was not included in 

the more time-consuming benchtop titration shown above. However, work could be carried out 

more quickly and in parallel on microwell plates. Stock solutions could be made fresh and 

immediately added to plates containing the dyes, preventing unwanted oxidation and hydrolysis. 

For consistency throughout, all stock solutions (dye and metal chloride stock) were prepared 

fresh before each experiment. 
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Relative to the transition and main group divalent metal ions used in this study, each dye 

was much less responsive to s-block divalent metal cations, such as MgII and BaII. Thus, these 

metal ions were included in the array as negative controls. Similarly, Na+ was included in the 

array as a negative control, since no response from either dye was observed with this metal ion in 

the preparatory benchtop titrations. In fact, insensitivity to Na+ was actually welcome for the 

current application since it is a ubiquitous interferent in any matrix of practical relevance. The 

lack of response from XO and MTB in the presence of these s-block metal ions is displayed in 

Figure 2-8. 
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Figure 2-8 Representative absorbance spectra of XO (left; 20 ɛM) and MTB (right; 30 µM), 

upon addition of (A) NaCl, (B) BaCl2, and (C) MgCl2 in H2O solution buffered to pH 7.4 with 

50 mM HEPES. Little to no change can be observed in the presence of these metal ions, 

indicating lack of binding. 

For qualitative experiments, absorbance was monitored at 334, 342, 436, 442, 450, 482, 

500, 540, 578, 590, and 614 nm, corresponding to the positions of prominent features in the 

absorbance spectra of the dye-metal complexes formed by the XO and MTB dyes, found through 

binding titrations described earlier (see Figure 2-9). Metal concentrations were kept constant at 

30 ɛM, XO and MTB concentrations were set to 20 ɛM and 30 ɛM, respectively. Dye and metal 

concentrations were selected based on the dyesô optimal absorbance signal at these 
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concentrations (ca. 0.3 for each dye), and also to attain metal:dye ratios that were likely to 

display high discriminatory capabilities based on the behavior observed in each dyeôs respective 

metal binding profiles. Fifteen replicates were laid out for each dye-metal sample, which 

generated a large data set (2 dyes x 12 analytes x 15 replicates = 360 samples), each represented 

by 11 absorbance measurements (described above) for each dye. Figure 2-10 shows a schematic 

layout of the qualitative plate used for discrimination of divalent metal cations and a picture of 

the final microwell plate containing these solutions, highlighting the differential responses from 

the two dyes to the metal ions of interest. 
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Figure 2-9 Representative absorption spectra of XO (left, 20 µM) and MTB (right, 30 µM) 

solutions, upon titration with NiCl2. Measurements conducted in H2O solution buffered to pH 7.4 

with 50 mM HEPES. Red lines denote wavelengths that were selected to be measured on the 

plate reader for array sensing. 
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Figure 2-10 Layout of a 384-well microplate for a typical qualitative multivariate experiment 

(left), and a picture of the 384-well microplate with all solutions added (right), highlighting the 

differential response of XO and MTB dyes to metal(II) cations. 

Linear discriminant analysis (LDA) was then used to carry out data analysis and 

subsequent dimensionality reduction, as described in Chapter 1. The two-dimensional scores plot 

and corresponding loadings plot for the complete qualitative data set is given in Figure 2-11. The 

scores plot displays excellent separation between different analytes and extremely tight 

intra-cluster spacing; in fact, it is difficult to see distinct replicate data points without zooming in 

on individual analyte clusters. This is indicative of strong discriminatory power of the array 

coupled with excellent repeatability, respectively. In short, these dyes were very effective 

sensors to build a cross-reactive array for discriminating all selected divalent metal ions of 

analytical interest. Moreover, Na(I), Ba(II), and Mg(II) did not interfere with the discrimination; 

this was not surprising given that the addition of these s-block metal ions had induced little or no 

change in the dyesô absorbance signal. 
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Figure 2-11 Left: Two-dimensional plot of the LDA scores for the qualitative discrimination of 

divalent metal ions ([metal] = 30 µM, [XO]  = 20 µM, [MTB]  = 30 µM in H2O solution buffered 

to pH 7.4 with 50 mM HEPES). This plot was generated using all instrumental variables in the 

raw data set. Inset: magnified portion of the same plot to highlight the similarities between 

Na+, Ba2+, Mg2+, and free dyes clusters: these ions display only minimal interaction with the dyes 

in our array. Confidence ellipsoids are drawn to 95% confidence level. Right: Corresponding 

loadings plot of the complete data set. Inset: table of variable contributions to the first three LDA 

factors (F1, F2, and F3) for the complete data set. 

Based on the loadings plot (Figure 2-11, right), there were many instrumental 

measurements that contributed very little to the overall performance of the array in separating 

metal ions (shown as black dots in Figure 2-11, right). These superfluous instrumental variables 

introduce noise, require extra acquisition time, and generally lead to a more complicated, less 

performant system. Therefore, those measurements whose contribution to the separation was 

negligible were removed, with minimal loss in the arrayôs discriminatory power. This process, 

typically referred to as ñvariable reductionò, greatly optimizes the sensing system by discarding 

all measurements whose overall contributions are below a certain user-defined threshold. For this 

qualitative system, this threshold was set at 5% contribution to both factors, or 10% to one 

factor. This enabled the removal of 15 out of 22 total instrumental measurements, retaining only 

7 measurements (namely, absorbance data at 442, 540, 578, and 590 nm for the XO dye, and at 
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540, 590, and 614 nm for the MTB dye). LDA analysis was carried out once more on this 

reduced data set, as described previously. The LDA scores plot and corresponding loadings plot 

obtained for the reduced data set are shown in Figure 2-12. 

 

Figure 2-12 Left: Two-dimensional plot of the LDA scores for the qualitative differentiation of 

divalent metal ions: Purple and pink dashed lines highlight two superclusters corresponding to 

the pronation state of the dyesô phenol group when the metal is bound. Inset: a magnified portion 

of the same plot highlights the Na+, Ba2+, Mg2+, and free dye clusters (green dashed line). Right: 

The corresponding LDA loadings plot, indicating the relative contributions of each instrumental 

variable to the calculated LDA factors. Purple squares: contributions from XO-metal complexes; 

green circles: contributions from MTB-metal complexes. ([metal] = 30 µM, [XO]  = 20 µM, 

[MTB]  = 30 µM in H2O solution buffered to pH 7.4 with 50 mM HEPES; confidence ellipsoids 

drawn at 95% level). 

Based on the scores plot for the reduced data set, it is evident that removal of redundant 

instrumental variables did not hamper the arrayôs differentiation capabilities. All metal ion 

analytes retain their tight clustering and good separation, despite removing over half of the 

original instrumental variables from the data set. Moreover, analysis of the loadings plot from 

Figure 2-12 showed that, at first approximation, each dye contributes roughly independently to 

each of the first two factors, with MTB signals contributing most significantly to factor 1, and 

XO signals to factor 2. In fact, the contributions from both factors are more balanced in the 
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reduced data set, (48.2% for F1 and 38.2% for F2), indicating that the two dyes are both 

contributing significantly to the differentiation, an ideal situation for pattern-based sensing 

procedures. 

Samples in the scores plot can be further classified into superclusters according to shared 

behavior. First is the cluster of s-block metals, which unsurprisingly shows little separation from 

the free dye reference cluster. Comparison of supercluster composition with spectral data from 

benchtop titrations indicates that the two other analyte superclusters are likely to be associated 

with the protonation state of the dyesô phenolic oxygen atom when bound. Since this phenol 

oxygen atom is part of the chromophore system of each dye, its protonation state has a direct 

effect on the absorbance characteristics of the dye, causing significant spectral changes with 

changing protonation state. Comparing the spectral changes observed upon the addition of MnII, 

CoII, NiII, and CdII, with those observed during an acid-base (pH) titration of these dyes 

(Figure 2-13) suggest that the phenolic OH groups are deprotonated in the presence of these 

metal ions, whereas solutions containing CuII, ZnII, and PbII appear to bind with dyes in their 

protonated form. The LDA analysis recognized these effects through these characteristic spectral 

changes, resulting in sample clusters arranged by chemical similarity in the scores plot. These 

encouraging similarities validate the underlying hypothesis that cluster distance in the LDA 

ñfactor spaceò can be relied upon to directly reflect similarity in chemical features. 
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Figure 2-13 Absorbance titration profiles monitored at 578 nm and 604 nm for the XO (left; 

20 µM) and MTB (right; 30 µM) dyes, respectively at various pH values in H2O. The colors of 

each data point approximates the solutionôs color at the corresponding pH for each dye. 

As a final step for the qualitative analysis, we tested whether the array could retain its 

performance at much lower concentrations. To determine the limit of differentiation (LOD) for 

our system, the array was exposed to ten previously considered metal(II) cations at decreasing 

concentrations until discrimination was lost ([XO] = 20 ɛM, [MTB]  = 30 ɛM). All 

measurements and multivariate data analysis were conducted as previously described. Displayed 

in Figure 2-14 is the LOD study, which showed that differentiation was retained down to 

500 nM, but lost at 250 nM. Conservatively, we therefore considered the arrayôs limit of 

differentiation to be 500 nM. Considering the excellent qualitative results, we moved towards 

verifying that the system could respond linearly to changes in concentration of metal ions, 

opening the way to quali-quantitative analytical determinations. 
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Figure 2-14 Left: Two-dimensional plot of the LDA scores for the qualitative differentiation of 

divalent metal ions at 500 nM. Right: LDA scores plot at a total metal concentration of 250 nM: 

at this lower concentration, the array can no longer accurately discriminate between all divalent 

metal cations. ([metal] = 250 or 500 nM, [XO] = 20 µM, [MTB]  = 30 µM in H2O solution 

buffered to pH 7.4 with 50 mM HEPES). 

2.4 Quantitative response 

Critical to the quantitative work was retaining a linear response from the dye-metal 

complex formation system. However, under the presented conditions, the system responds 

linearly only over a relatively small range of metal ion concentrations. To pursue a quantitative 

response, we redesigned the array to include multiple concentrations of each dye, added to the 

plate in a single experiment. This design helped guarantee that for any concentration of metal 

ions, one of the multiple dye concentrations would exhibit the desired linear response, whereas 

other metal ion concentrations would become ñsilentò (i.e. either unresponsive or saturated), with 

no significant differential response. Only those metal-dye ratios that fall in the linear region of 

the relevant binding curve would show different behavior; all other metal-dye ratios would either 

be too concentrated and therefore give off a uniformly high, saturated signal, or too dilute and 

insensitive, giving off a uniformly low signal, leading the LDA analysis to automatically discard 
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these contributions as the ñout-of-rangeò dye solutions because of their lower discriminatory 

power, i.e. no useful information content for sample discrimination. 

For the quantitative analysis, four divalent metal ions were selected (CdII, HgII, PbII, and 

CuII) for their biological and environmental importance. On a 384-well microplate, three 

concentrations for each dye were laid out (5 ɛM, 20 ɛM, 40 ɛM for XO, and 10 ɛM, 30 ɛM, and 

60 ɛM for MTB). A series of metal ion samples were then laid out at five concentrations for each 

metal ion (1 ɛM, 2.5 ɛM, 5 ɛM, 7.5 ɛM, and 10 ɛM). Using LDA and the variable reduction 

method outlined previously, the array was able to differentiate all concentrations of these metal 

ions with clear linear response. In this case, 54 total instrumental measurements were reduced to 

only 18, while retaining minimal intra-cluster distance between replicates and maximizing 

separation between clusters of different metal ions and their concentrations. The final 

quali-quantitative LDA scores plot and corresponding loadings plot are displayed in Figure 2-15. 

The scores plot displays excellent separation between clusters (strong discriminatory power), 

while the intra-cluster distance between replicates of the same sample is very low (good 

repeatability). Furthermore, individual concentrations of metal ions are arranged linearly with 

respect to their concentration, with increasing concentrations positioned further away from the 

free dyes cluster. Analysis of the loadings plot reveals that, this time, factor 1 primarily reports 

on the response from XO, while factor 2 depends mostly on the response from MTB. This gives 

intuitive information about the origin of the discriminatory power of the array. For example, the 

response to changes in concentration of PbII is almost exclusively described by factor 1, which is 

mostly associated with the XO dye. This indicates that this dye is most responsible for the 

quantitative detection of PbII, whereas, factor 2 (associated with MTB) is mostly responsible for 

the qualitative discrimination of PbII from all other metals. 
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Figure 2-15 Two-dimensional plot of the LDA scores (left) and loadings (right) for the 

quali-quantitative differentiation of CdII, HgII, PbII, CuII at five concentrations ([M II] = 1 µM, 

2.5 µM, 5 µM, 7.5 µM, and 10 µM; [XO]  = 5, 20, 40 µM and [MTB] = 10, 30, 60 µM). 

Measurements were conducted in H2O solution buffered to pH 7.4 with 50 mM HEPES. 

The results presented here clearly show that the system is well capable of qualitative and 

quantitative differentiation of these metal cations in one experiment. If one were to process an 

unknown in the same way as these training samples, this scores plot could function effectively as 

a calibration plot with unknownôs position indicating both the nature and concentration of the 

metal ion present. The remarkably good discriminatory power coupled with linearity in 

concentration response obtained in a quantitative study provided the necessary foundation to 

confront the ñproblem of mixturesò. 

2.5 Analysis of mixtures 

In the following work, the array was challenged with a series of mixtures of metal(II) 

cations, with the intention to use its response as a 2D calibration curve for unknown mixture 

analysis. The differentiation of binary and ternary mixtures containing NiCl2, HgCl2, and PbCl2 

was examined. On a 384-well microplate, three solutions containing pure metal ions 
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([metal] = 30 ɛM), one equimolar ternary mixture ([metal] = 10 ɛM each), and six solutions 

containing 2:1 binary mixture combinations of each metal ion ([metal] = 20 ɛM and 10 ɛM in 

each), were added to the array, in the conditions used for the qualitative work described earlier 

([MTB]  = 30 ɛM, [XO] = 20 ɛM). 

After LDA analysis, dimensionality reduction, and retention of the nine most important 

raw instrumental measurements (out of 24 collected), the resulting LDA scores plot, shown in 

Figure 2-16, retained 98.7% of the information in the original data set, with tight clusters (high 

reproducibility) and good separation (high discriminatory power). 

 

Figure 2-16 Two-dimensional plot of LDA scores for the separation of metal ion mixtures (Ni II, 

PbII, and HgII). The plot was obtained using only the nine most important instrumental 

measurements and captures 98.7% of the total information content from the original data set 

([XO] = 20 µM, [MTB]  = 30 µM, total [M II] = 30 µM in H2O solution buffered to pH 7.4 with 

50 mM HEPES). 

Encouragingly, the three pure metal ion and their mixture clusters were distributed along 

the edges of a triangle, with the pure metal ion samples at each vertex. For each pair of metal 

ions, the positions of the 1:2 and 2:1 mixture clusters were in agreement with where one would 
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expect them to be located, namely one-third and two-thirds of the way along the corresponding 

edge, respectively. Furthermore, replicates from the equimolar ternary mixture clustered very 

close to the center of the triangle identified by the pure metal ion clusters. To highlight the 

quality of the positional response, we calculated best fit trendlines for each of the triangleôs 

sides; for instance, the trendline on the top left of Figure 2-16 was obtained by drawing a best fit 

line through the centroids of the clusters for PbII, 2PbII:Ni II, PbII:2NiII, and NiII. In short, thanks 

to the fact that all components were chosen or adjusted to behave linearly in this sensing array 

(i.e. the chemical transduction mechanism, the instrumental response, and the data analysis 

algorithm), the systemôs response was shown to be completely linear with respect to the 

composition of sample mixtures, thus making determination of unknown mixture samples highly 

predictable. 

To further support the efficacy of this approach, the same array was exposed to mixtures 

composed of three different metal cations. The same series of 2:1 binary and equimolar ternary 

mixtures used previously for NiII, PbII, and HgII was prepared using CoCl2, CuCl2, and CdCl2, 

and added to a 384-well microplate under the same conditions described previously. After LDA 

analysis, dimensionality reduction, and retention of the eight most important instrumental 

measurements, the two-dimensional LDA scores plot, shown in Figure 2-17 was generated. 

Clearly, the plot of LDA scores for this new series of mixtures appears nearly identical to the 

plot shown for NiII, PbII, and HgII (Figure 2-16): the three pure metal clusters make up the 

vertices of a triangle, with the 2:1 binary mixtures distributed appropriately along its edges, and 

the equimolar ternary mixture replicate points clustered near the center of the triangle. Once 

again, all replicate data points display tight intra-cluster distances (indicating high 

reproducibility), with large inter-cluster spacing between different clusters (excellent 



 

42 

 

discriminatory power). The results obtained using a second set of metal ion mixtures confirmed 

that the previous results were not due to the specific analytes, but in fact to the choice of 

conditions, leading to a complete linear systematic response and allowing for the discrimination 

of any mixture of metal cations using these methods. 

 

Figure 2-17 Two-dimensional plot of LDA scores for the differentiation of metal ion mixtures 

(CoII, CuII, and CdII). The plot was obtained using the eight most important instrumental 

measurements and captures 99.7% of the total information content from the original data set 

([XO] = 20 µM, [MTB]  = 30 µM, total [M II] = 30 µM in H2O solution buffered to pH 7.4 with 

50 mM HEPES). 

2.6 Projection of unknown and untrained-for mixtures  

Having established conditions in which the system responds linearly to variations in 

relative composition of these mixtures, the plot in Figure 2-16 was considered further as a 

potential calibration plot for the identification of unknown mixture samples. More specifically, it 

was important to determine the arrayôs ability to identify mixture samples for which the system 

had not been explicitly trained previously. In other words, could the sensing array accurately 

predict the components of binary mixtures whose metal ions are not in 2:1 relative composition? 
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To address this question, a colleague was asked to prepare eight metal ion mixture solutions of 

unknown composition, each with a total [MII] = 30 µM, using the same three divalent metal ions 

from the training set (i.e. NiII, PbII, HgII). The eight solutions were exposed to the array, under 

the same conditions used in the mixtures training set experiment shown in Figure 2-16. The 

resultant data set was transformed using the LDA eigenvectors (transformation rules) that had 

been obtained for the training set data, so the unknown test set could be projected onto the 

training set scores plot (i.e. Figure 2-16). The results are displayed in Figure 2-18. 

 

Figure 2-18 Two-dimensional plot of the LDA scores for the ñtest setò including 8 unknown 

metal ion mixtures (UK1-8, see Table 2-2) projected onto the mixtures training set from 

Figure 2-16. The plot was generated using the nine most important instrumental measurements 

from the training set ([XO] = 20 µM, [MTB]  = 30 µM, total [MII] = 30 µM in H2O solution 

buffered to pH 7.4 with 50 mM HEPES). 

The projection of the unknown challenge set provided an accurate prediction of the 

composition for all eight unknown sample solutions. The contents of each unknown solution are 

listed in Table 2-2. Included in the unknown challenge set was an equimolar ternary mixture, 

which was successfully found to overlap with the same cluster from the training set. 



 

44 

 

Additionally, all binary mixture clusters from the test set aligned well with their expected 

positions along the trendlines provided in the training set scores plot. Most notably, this included 

four binary mixtures that had not been present in the training data (three equimolar binary 

mixtures and a 5:1 HgII:Ni II mixture), and yet the system was able to project them in appropriate 

positions on the calibration plot. This shows that our system is able to overcome the ñproblem of 

mixturesò we mentioned earlier. Thus, enforcement of a strictly linear behavior provided a 

multivariate scores plot with high predictive power capable of extrapolation to identify features 

for which the system was not trained. Any deviation from linearity in the response or analysis 

layers would be likely to prevent such an accomplishment for multivariate systems. 

Table 2-2 Unknown metal ion mixtures that were prepared separately and added randomly to the 

array. The set of unknown (ñUKò) solutions include seven binary mixtures and one equimolar 

ternary mixture. 

Unknown (UK) # Contents  

1 25 ɛM Hg, 5 ɛM Ni 

2 10 ɛM Ni, 10 ɛM Pb, 10 ɛM Hg 

3 15 ɛM Pb, 15 ɛM Ni 

4 20 ɛM Hg, 10 ɛM Ni 

5 20 ɛM Ni, 10 ɛM Pb 

6 15 ɛM Pb, 15 ɛM Hg 

7 20 ɛM Pb, 10 ɛM Hg 

8 15 ɛM Ni, 15 ɛM Hg 

Building on the success with binary mixtures, we attempted the identification of four 

unequal ternary mixtures of these three metal cations. It is important to remind the reader that 

none of these challenge ternary mixtures had been present in the training set. For the following 

experiment, three solutions containing 20 ɛM of one metal and 5 ɛM of the other two metals 

were prepared. In addition to these, one solution containing 15 ɛM Ni II, 10 ɛM PbII, and 
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5 ɛM HgII was also prepared, and all four unequal ternary mixtures were added to the array 

described for the training set ([XO] = 20 ɛM, [MTB]  = 30 ɛM). After taking the same nine 

absorbance measurements that had been selected as most informative in the training set 

experiment, and using the training setôs LDA eigenvectors to transform the obtained ñternary test 

setò data, Figure 2-19 shows the resulting projection of the ternary challenge set onto the 

calibration plot previously shown in Figure 2-16. As a first positive result, all ternary mixtures 

fall inside the triangle delineated by the lines of best fit on the training set scores plot. The 

arrayôs ability to distinguish the most abundant metal in each 4:1:1 ternary mixture was 

particularly impressive indicating the achievement of simultaneous quali-quantitative 

discrimination. Moreover, the position of the 3:2:1 unequal ternary mixture cluster agrees with 

the relative position of the equimolar ternary mixture cluster contained in the training set. Based 

on these results, we validated our hypothesis that, thanks to the overall linearity of its response, 

this system can correctly identify mixtures of analytes even after having been ñtrainedò on the 

pure components alone. In fact, very successful projections of unknown binary and ternary 

mixtures were obtained, leading to the identification of the composition and relative abundance 

of mixtures of three divalent metal cations. 
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Figure 2-19 Two-dimensional plot of the LDA scores for the ñternary test setò, projecting four 

unequal ternary metal ion mixtures onto the mixtures training set from Figure 2-16 

([XO] = 20 ɛM, [MTB] = 30 ɛM, and total [M II] = 30 ɛM in H2O solution buffered to pH 7.4 

with 50 mM HEPES). 

2.7 Identification of quaternary mixtures and response to changing total [M I I ]  

The same array ([XO] = 20 µM and [MTB] = 30 µM) was pushed further by exposing it 

to a series of mixtures composed of four metal chlorides (total [M II] = 36 µM, CuCl2, PbCl2, 

HgCl2, and CdCl2). For this study, the calibration panel included an equimolar quaternary 

mixture, all twelve possible 2:1 binary mixtures, and the four pure metal samples. After LDA 

was conducted on the resultant data set, three factor scores were retained for each sample, 

generating the three-dimensional plot presented in Figure 2-20, in which the equimolar 

quaternary mixture was found towards the center of a tetrahedron, whose vertices correspond to 

the pure metal samples. Moreover, the most abundant metal in each 2:1 binary mixture was 

positioned nearest to the respective pure metal vertex, within the confines of the tetrahedron (i.e. 

between the pure metal and quaternary mixture clusters). These results further highlight that 
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carefully controlling the systemôs response to be linear translates to highly predictable behavior 

via pattern-based approaches, which can be used for the analytical identification of mixtures. 

 

Figure 2-20 Three-dimensional plot of LDA scores for the differentiation of divalent metal ion 

mixtures. The plot was obtained using the eleven most important instrumental measurements and 

captures 98.5% of the information from the original data set. For clarity, 2:1 binary mixtures are 

not explicitly labeled and only replicate cluster centroids are shown (i.e. all replicate sample 

points have been averaged into a single point) ([XO]  = 20 ɛM, [MTB]  = 30 ɛM, 

total [M II] = 36 ɛM in H2O solution buffered to pH 7.4 with 50 mM HEPES). 

Finally, the arrayôs response to variations in total metal ion concentrations was examined. 

Up to this point, all metal ion mixtures have contained a total metal concentration of 30 ɛM. 

Using the same array, we explored the arrayôs response, as a function of total metal ion 

concentration. We acquired a second training data set at a lower concentration of metal ions, 

namely 15 ɛM. As long as the underlying component responses scale linearly with total metal 

ion concentration, one should be able to determine the nature, relative concentration, and 

absolute concentration of all metal ions under study within a mixture, in a single experiment. 
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The procedure used to generate the 30 ɛM training set was repeated for metal ion 

mixtures where the total metal ion concentration was cut in half, to 15 ɛM. This 15 ɛM data set 

was first evaluated separately to ensure that linearity was still achieved at this working 

concentration. To that end, LDA analysis and subsequent variable reduction were carried out on 

the 15 ɛM data set, with the corresponding two-dimensional scores plot shown in Figure 2-21. 

Excellent results were obtained, analogous to the LDA scores plot obtained for the 30 ɛM system 

(Figure 2-16). These reassuring results confirmed that the arrayôs response was still linear at this 

concentration and allowed for the combination of the two data sets for the determination of total 

metal ion concentration in mixtures. 

 

Figure 2-21 Two-dimensional LDA scores plot for the separation of metal ion mixtures at 

15 ɛM. The plot was obtained using the ten most important instrumental measurements and 

captures 99.3% of the total information content from the original data set ([XO] = 20 ɛM, 

[MTB] = 30 ɛM, total [M II] = 15 µM in H2O solution buffered to pH 7.4 with 50 mM HEPES). 

Upon combination of the 30 ɛM and 15 ɛM data sets, subsequent LDA analysis and 

variable reduction on this larger data set generated a 3D scores plot, shown in Figure 2-22, 



 

49 

 

displaying very clear separation of the two concentration data sets. Each separate data set 

retained their signature triangular shape, with the vertices of each triangle identified by the pure 

metal samples at 15 and 30 ɛM, and individual mixture clusters still positioned at appropriate 

intermediate positions along each edge of their representative triangle. Furthermore, the two 

triangular ensembles of points, corresponding to the two total metal ion concentration values, 

stacked up well in 3D factor space, highlighting the relationship between the two data sets. 

 

Figure 2-22 Three-dimensional scores plot from the LDA analysis for the combined 15 ɛM 

(blue) and 30 ɛM (red) data sets. Dotted lines connecting corresponding pure metal sample 

clusters extend to the no-metal cluster at [MII] = 0 ɛM (labelled ñdyesò in the plot). 

Connecting the corresponding ñpure metalò vertices of the obtained triangles for each 

metal ion concentration data set also allowed us to extrapolate the arrayôs behavior at infinite 

sample dilution (i.e. [MII] ~ 0 ɛM). Indeed, we found that this extrapolated behavior matched 

with the experimental array samples that contained no metal ions (i.e. [MII] = 0 ɛM, black dots in 

Figure 2-22), further confirming that the entire sensing arrayôs response scales linearly with 
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concentration of these metal ion analytes and allows for successful quantitative prediction. This 

final analysis demonstrates the arrayôs ability to determine the identity and concentration of a 

sample containing any mixture of Ni II, PbII, and HgII over a range of concentrations between 

0-30 ɛM. In fact, it should be possible to extend the effective concentration range as far as all 

components of the arrayôs analytical system respond linearly. 

2.8 Conclusions 

In summary, a simple, cross-reactive sensing array was developed, consisting of two 

commercially available dyes that were selected to form strong coordination complexes with a 

variety of divalent metal cations in neutral buffered water. Using rapid UV-visible absorption 

measurements and multivariate data analysis, the array sensor was able to separate nine transition 

and main group metal ions (Ni II, CoII, MnII, CdII, CuII, ZnII, PbII, HgII, and FeII), as well as binary 

and ternary mixtures of two sets of three of those metal ions (Ni II, PbII, HgII and CoII , CuII, CdII). 

Using these results as a training set (i.e. calibration plot), accurate identification of unknown 

mixture samples was accomplished, leading to the correct classification of the nature and 

concentration of the metal ions of interest. As intended the array displayed a consistent linear 

response with respect to changes in concentration of metal ions. The combination of these results 

expanded the reach of the system to variations in total metal ion concentration; in this case 

spanning 0-30 ɛM, with excellent discriminatory power for pure and mixture samples across the 

whole concentration range. 

These achievements were made possible by the stringent design choices of the array 

components in the arrayôs analytical stack, which enforced a linear behavior throughout. More 

specifically, these components included the arrayôs chemical binding interaction responsible for 

its response at the molecular level (i.e. the formation of strong coordinative complexes), the 
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signal detection method (UV-vis spectroscopy), the operational conditions, and the multivariate 

data processing technique (linear discriminant analysis). Careful consideration was given to the 

chemical receptors selected and their working concentrations, to ensure a linear response 

throughout. For this case, dye selection was critical to obtain strong binding with metal ions, 

resulting in a linear response over a wide range of metal ion concentrations. UV-visible 

absorbance spectroscopy was chosen as the detection method due to its simplicity, linear 

response to concentration when conditions are chosen appropriately, and the ability to adapt its 

sensitivity over a wide range of concentrations using simple changes in optical path length. 

Finally, the generated data sets were analyzed using common multivariate systems with 

intrinsically linear behavior (e.g. LDA). 

Presented in this chapter are general guidelines to a robust approach for direct 

quantitative multivariate sensing for any series of similar analytes, either in their pure form or in 

a mixture, and a proof-of-principle implementation of such guidelines, applied to a system of 

practical analytical importance (i.e. metal ion discrimination in H2O media). We hope to see 

these design guidelines applied to other multivariate pattern-based sensors for the detection of 

other analytically relevant targets, sidestepping the need for chemical separation or pre-treatment 

prior to detection. Once response linearity is achieved, the multivariate sensor can be used to 

build effective and simple multidimensional ñcalibration curvesò to accurately identify the 

makeup of unknown analyte mixtures. Separation and detection methods for analyte mixtures, 

normally envisioned as independent processes, can be integrated in a single system. 
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2.9 Experimental details 

2.9.1 Materials  

Xylenol orange (XO) and methylthymol blue (MTB) were purchased from Sigma-

Aldrich and used as received. 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) 

was purchased from ICI Scientific. All metal chloride salts were bought from Fluka. For 

consistency, all stock solutions for dyes and metal chloride salts were prepared fresh before each 

experiment. All experiments were carried out in a 50 mM HEPES aqueous solution buffered to 

pH 7.4, prepared by adding an appropriate amount of HEPES free acid to deionized (DI) water; 

the pH was then adjusted to 7.4 by adding 1.0 M NaOH as needed and monitoring with a 

combined glass electrode, then bringing up to volume. Stock solutions of xylenol orange (XO) 

and methylthymol blue (MTB) were prepared in this buffer, taking into consideration the 

manufacturer specified dye content (90% and 70% for XO and MTB, respectively). All metal 

chloride salt stock solutions (except PbCl2) were prepared by adding an appropriate amount of 

salt to 10 mL of buffer. Lead(II) chloride solutions were prepared by dissolving a minimal 

amount of salt in DI water and diluting an appropriate aliquot of this solution in buffer. To avoid 

unwanted absorption of water over time, any hygroscopic salts (ZnCl2, CdCl2, MgCl2, BaCl2) 

were dried to constant weight in an oven set to 110 °C and stored in a desiccator before use. 

2.9.2 Instrumentation  

Benchtop UV-Vis measurements were performed on a Hewlett-Packard 8452A diode 

array UV-Vis spectrophotometer. The experimental sample temperature was thermostatted to 

25 °C by an external circulating water bath. Multivariate data was acquired on a BioTek Synergy 

II  multimode microwell plate reader, equipped with a monochromator to measure absorbance 

spectra. The sample compartment in this instrument was electrically thermostatted. Experiments 
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were laid out by hand using Eppendorf Research multichannel pipettors and disposable plastic 

tips into Greiner BioOne non-treated polystyrene microwell plates with clear flat bottoms in a 

384-well configuration. Each well was filled with 100 ɛL of solution. Plates were read on a 

multimode plate reader immediately after preparation. Reading time was about 10-15 minutes for 

each plate. In this time span, no evaporation was observed so the plates did not need to be sealed. 

2.9.3 Microwell plate setup: qualitative differentiation experiments 

For qualitative experiments, one microwell plate was used. For a typical qualitative 

experiment, aliquots of each dye stock solution (XO and MTB) were laid out in the wells and 12 

freshly prepared metal chloride stock solutions (NaCl, MgCl2, CoCl2, CuCl2, NiCl2, FeCl2, 

HgCl2, CdCl2, ZnCl2, MnCl2, BaCl2, PbCl2) were added to give 15 replicates of metal-dye 

samples (see Figure 2-10 for a visual representation of this layout). The total volume in each well 

was 100 ɛL. Additionally, 8 replicates of buffer (as blanks), and 8 replicates of each dye solution 

(as a reference) were added to the plate. Dye concentrations in the wells were kept constant at 

20 ɛM and 30 ɛM for XO and MTB, respectively. The metal chloride concentration in the wells 

was kept constant at 30 ɛM. Absorbance values were collected at the following wavelengths: 

334, 342, 436, 442, 450, 482, 500, 540, 578, 590, 614 nm. 

2.9.4 Microwell plate setup: quantitative experiments 

For quantitative experiments, one plate was prepared for each dye by adding three 

separate concentrations of each dye to their respective plates (5 ɛM, 20 ɛM, 40 ɛM for XO, and 

10 ɛM, 30 ɛM, 60 ɛM for MTB). Four metal chloride stock solutions were prepared (PbCl2, 

HgCl2, CuCl2, and CdCl2) and appropriate amounts of each stock were laid out to give six 

replicates of six different metal chloride concentrations (0 ɛM, 1 ɛM, 2.5 ɛM, 5 ɛM, 7.5 ɛM, 

and 10 ɛM). Additionally, reference wells containing plain dye solutions at each of the working 
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concentrations were added to the appropriate plate as reference standards; each plate also 

contained six buffer replicates for blanking. For quantitative experiments, absorbance values 

were collected at the following wavelengths: 334, 342, 436, 442, 450, 540, 578, 590, 614 nm. 

2.9.5 Metal ion mixtures: training set experiments 

For experiments on metal ion mixtures, the training set was obtained by preparing two 

identical plates to increase the number of sample replicates to the desired amount (32 replicates 

for each sample in the complete data set). Dyes were laid out on the plate so that their 

concentrations were 20 ɛM and 30 ɛM for XO and MTB, respectively. Three metal stock 

solutions were prepared fresh from NiCl2, HgCl2 and PbCl2. Aliquots of these solutions were 

added to the plate to generate: three solutions of each pure metal ([MII] = 30 ɛM); six solutions 

encompassing all possible 2:1 binary mixtures (e.g. 20 ɛM NiCl2 and 10 ɛM HgCl2); and one 

equimolar ternary mixture including each metal chloride at a concentration of 10 ɛM. In 

addition, 16 reference samples for each dye and 32 buffer blanks were added to each plate. For 

experiments with metal ion mixtures, absorbance measurements were collected at the following 

wavelengths: 334, 342, 436, 442, 450, 500, 520, 540, 560, 578, 590, and 605 nm, for a total of 12 

instrumental measurements per dye. The same experimental procedures and conditions were 

applied to the second set of three metal ions and their mixtures (CoII, CuII, and CdII, total 

[MII] = 30 µM), using 16 replicates (instead of 32) for each sample. Absorbance measurements 

were collected at the following wavelengths for each dye: 334, 342, 436, 442, 450, 500, 520, 

540, 560, 578, 590, and 604 nm. 

2.9.6 Metal ion mixtures: projected test set experiments 

For the test set containing eight unknown mixtures, 16 replicates for each sample were 

laid out on one plate. Dye concentrations were the same as those used on the training plate 
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([XO] = 20 µM, [MTB]  = 30 µM). Metal chloride mixture solutions were prepared by adding 

appropriate aliquots of pure metal stock solutions to a 10 mL volumetric flask containing buffer 

and bringing up to volume. The eight solutions were then arbitrarily labelled ñ1-8ò by an 

undergraduate collaborator Cara Pridmore and the newly labelled solutions were added to the 

plate. The non-equimolar ternary mixture samples were prepared similarly, from a solution made 

by adding appropriate aliquots of pure metal chloride stock solutions to a 10 mL volumetric flask 

and bringing up to volume with buffer. For the test set, eight replicates of each dye were added 

as reference standards and 16 replicates of buffer were added as blanks. Absorbance values were 

collected at the same wavelengths used for the training set (334, 342, 436, 442, 450, 500, 520, 

540, 560, 578, 590, and 605 nm). 

2.9.7 Multivariate d ata analysis 

In order to evaluate the discriminatory power of the sensing array, linear discriminant 

analysis (LDA) and principal component analysis (PCA) were used to interpret the obtained data 

sets. LDA and PCA are a statistical treatment commonly used for the interpretation of 

multidimensional data sets. All multivariate analyses were performed in the Mathematica 

software (release 11.3) published by Wolfram Research Inc, using code developed in-house. 

As a first step towards data analysis, principal component analysis (PCA) was applied to 

each set of metal chloride/dye replicate points. Points well outside a 95% multivariate confidence 

interval (CI), represented below by a dotted grey ellipsoid, were considered outliers and removed 

from the raw data set. As an example, see Figure 2-23 for the Na+ analyte: in this case, replicate 

14 in the Na+ data set lies well outside the 95% CI (dotted grey ellipsoid) and was removed from 

the data set before further analysis. 
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Figure 2-23 PCA scores plot of the NaCl replicate set, with 95% confidence ellipsoid shown as a 

dotted grey line. Point 14 is clearly outside the confidence interval, and it was removed from the 

data set before further analysis. 

After all outlier data points were removed, LDA analysis was run for the first time. 

Dimensionality reduction was achieved by retaining the first two or three most information-rich 

factors and plotting the corresponding factor scores for each sample. Based on the factor 

loadings from these results, any instrumental measurements that were found to contribute little to 

the overall differentiation were removed. Displayed in Figure 2-11 and Figure 2-12 are the 

two-dimensional LDA scores plots for the complete and reduced data sets, respectively. 
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CHAPTER  3 

 

CONJUGATED POLYMERS AS TRACE  METAL CATION SENSORS IN 

SEAWATER

 

3.1 Introduction 

As was highlighted in the previous chapter, metal cation detection is of great importance 

due to their negative impacts on human and environmental health, particularly in aqueous 

solution.103,114 Recently, there have been many advances for picomolar metal cation sensing 

using an assortment of analytical methods.115-120 In particular, fluorescent chemosensory systems 

have gained increasing interest thanks to their high sensitivity and relative ease of operation.121 

Despite being highly sensitive at sub-nanomolar concentrations, these systems are typically 

selective for one or two metal cations. As we have shown in the previous chapter,  selectivity can 

alternatively be achieved for a wider scope of analytes by using pattern recognition techniques, 

in analogy to the principle of operation of many biological sensory systems.26,28-29,122 In this 

chapter, an ultra-sensitive sensing array is reported, made up of three poly(fluorene) conjugated 

polyelectrolyte receptors, capable of detecting nine divalent heavy metal cations down to 500 pM 

in pure water, well below the ñMaximum Contaminant Levelsò (MCLs) mandated by the United 

States Environmental Protection Agency (EPA) for toxic metal ions in ground water and 

drinking water.123 In addition, the array was also successful in natural seawater samples, 

collected from the Deepwater Horizon (DWH) region in the Gulf of Mexico. In this complex 

sensing medium, nine divalent heavy metal ions were detected down to [MII] = 100 nM, which is 

comparable or lower than the toxic metal ion concentrations (low ppb) set by the EPA for aquatic 
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life,124 and many orders of magnitude below the trace elemental distributions found in the DWH 

samples, in particular.125 Impressively, this sensing array, made of strongly binding conjugated 

polyelectrolyte receptors, performed very well in this high-salinity medium, an otherwise 

challenging analytical matrix. 

An early example of poly(fluorene) copolymers used for sensing purposes was provided 

by Wang and co-workers in 2005, which used a cationic poly(fluorene)-alt-(1,4-phenylene) 

polymer to detect conformational changes in single-stranded DNA.126 In recent years, the 

improved selectivity from array sensing techniques has been paired with the high sensitivity 

from extensively conjugated fluorophores.127-133 For metal cation detection, Bunz et al. reported 

a series of very promising systems made up of poly(phenylene-ethynylene) polyelectrolytes with 

carboxylate groups attached to the phenylene repeat units.134-136 Later, Tan et al. used four 

poly(phenylene-ethynylene) polymers with a variety of metal binding groups to differentiate 

eight transition metal cations, with a limit of detection of 100 nM.137 However, rarely have 

conjugated polyelectrolytes with different electronic properties been used in a single array. 

Therefore, a highly effective poly(fluorene) co-polymer-based metal cation array sensor is 

introduced in this chapter, relying mostly on electronic variations in each polymersô backbone. 

All  polymers were designed with strong metal binding groups per fluorene repeat unit, such that 

less importance would be placed on variations in the metal binding affinity of these pendant 

groups. 

Poly(fluorene) co-polymers were synthesized and characterized by our collaborator in the 

Azoulay research group in the School of Polymer Science and Engineering at the University of 

Southern Mississippi (see Scheme 3-1). Each fluorene monomer was linked to alternating 

conjugated spacer groups, either a p-phenylene or ethynylene unit. To each of these conjugated 
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polymer scaffolds, two high affinity metal binding groups (iminodiacetate ligands) were 

covalently attached to the sp3 carbon of the fluorene monomer, generating two novel conjugated 

polyelectrolytes, to probe the differing electronic properties of the polymers. For added 

variability, a variation in the attached metal binding groups was also examined, adding 

iminodipropionate ligands to the poly(fluorene)-alt-(p-phenylene) co-polymer, instead of the 

iminodiacetate ones. Taken together, these purpose-built supramolecular receptors proved to be 

highly effective metal ion sensors in aqueous environments, including highly unprecedented and 

more analytically complex seawater samples collected from the Gulf of Mexico. 

 

Scheme 3-1 Chemical structures and general synthetic scheme for the three conjugated polymers 

(Ph-AA , yne-AA , and Ph-PA) used in a metal ion sensing array. 
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3.2 Polymer synthesis and sensor design 

Each polymer contained a common fluorene fluorophore, coupled to a conjugated spacer 

group capable of altering the electronic features of the conjugated polymer. Thus, each fluorene 

was covalently linked to either a 1,4-phenylene (p-phenylene) or ethynylene group to provide a 

monomer that, once polymerized, made up the conjugated backbone of the polymers. Each 

fluorene monomer was modified with two iminodiacetate metal binding appendages attached to 

the sp3 carbon of the fluorene repeat units. These groups were inspired by 

ethylenediaminetetraacetic acid (EDTA), commonly used as a strong metal chelating agent for a 

variety of metal ions (see Scheme 3-2).138-139 

 

Scheme 3-2 Chemical structure of ethylenediaminetetraacetic acid (EDTA) in its neutral form. 

To incorporate diversity in metal binding group as well, the 

poly(fluorene)-alt-p-phenylene polymer was equipped with two iminodipropionate functional 

groups, a conjugated polyelectrolyte previously reported for pH and sugar sensing.140 As shown 

in Scheme 3-1, the following conjugated polyelectrolytes were synthesized: 

poly[2,7-(9,9-di((aminodiacetate)propyl)-fluorene)-alt-1,4-phenylene] (with phenylene 

conjugated spacer and acetate metal binding group, referred to as Ph-AA ), 

poly[2,7-(9,9-di((aminodiacetate)propyl)-fluorene)-alt-1,4,-ethynylene] (with ethynylene 

conjugated spacer and acetate metal binding units, yne-AA ), and 
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poly[2,7-(9,9-di((aminodipropionate)propyl)-fluorene)-alt-1,4,-phenylene] (with phenylene 

conjugated spacer and propionate metal binding units, Ph-PA). 

With these materials in hand, our attention turned to identifying optimal conditions for 

their use as sensors in water. As mentioned previously, many conjugated polyelectrolytes are 

well-known to form aggregates in aqueous solution, leading to solvent-dependent changes in 

emission properties.141-142 Thus, many strategies to break up these assemblies in solution have 

been attempted, including the use of co-solvent systems or surfactant additives.143-145 For 

instance, 1,4-dioxane in ratios of 30-80% by volume was shown to be very effective in breaking 

up poly(fluorene) aggregates.146 Therefore, to avoid self-aggregation, polymer stock solutions 

were prepared as saturated solutions in 50:50 water:1,4-dioxane solution, buffered to pH 7.4 in 

25 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), followed by 

centrifugation and filtration. Each saturated polymer stock solution was then diluted 

appropriately, to give a constant fluorescence emission signal. The similar emission would also 

allow each polymer to have an equal opportunity for differential response, since the magnitude 

of the fluorescence responses from each of the polymers in the array would be comparable to 

start with. Under these conditions, titrations were carried out to study the binding of metal ions to 

each polymer. Representative spectra for each polymer obtained upon titration with CuII are 

shown in Figure 3-1. 
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Figure 3-1 Representative steady-state fluorescence titration spectra for (a) Ph-AA  

(ɚexc. = 380 nm) upon the addition of CuCl2 (0-8.1 µM), (b) yne-AA  (ɚexc. = 400 nm) upon the 

addition of CuCl2 (0-3.7 µM), and (c) Ph-PA (ɚexc. = 380 nm) upon the addition of CuCl2 

(0-3.2 µM). All measurements were conducted in 50:50 water:1,4-dioxane buffered to pH 7.4 

with 25 mM HEPES. 

3.3 Metal cation binding and experimental considerations 

In addition to CuII, benchtop fluorescence titrations were conducted for each polymer 

with various other divalent metal cations, all as chloride salts for consistency and to avoid 

unwanted counterion effects, as mentioned in the previous chapter. All metal binding titration 

spectra are presented in Figure 3-2, Figure 3-3, and Figure 3-4. The binding isotherms for each 

polymer with seven heavy metal ions are also presented in Figure 3-5, displaying clear 

differential emission responses at micromolar concentrations of metal ions. Furthermore, 

comparing the binding isotherms obtained with different metals interacting with the same 

polymer highlighted the strength of that metalôs quenching ability upon binding. For instance, 

Ni II seemingly quenches the polymer with the p-phenylene (ñPhò) spacer more effectively than 

the one with the ethynylene (ñyneò) spacer; CuII quenched all three polymers with similar 

efficacy, and MnII quenched the emission of the yne-AA  polymer better than both polymers with 

the p-phenylene (ñPhò) spacer. The combined emission profiles for CuII, MnII, and Ni II titrated 

into each polymer is displayed in Figure 3-6. 
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Figure 3-2 Fluorescence spectra for the Ph-AA  polymer (ɚexc. = 380 nm), upon the addition of 

(a) CuCl2 , (b) CoCl2, (c) NiCl2, (d) MnCl2, (e) CdCl2, (f) HgCl2, and (g) ZnCl2. All 

measurements were conducted in 50:50 water:1,4-dioxane buffered to pH 7.4 with 25 mM 

HEPES. 
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Figure 3-3 Fluorescence spectra for the yne-AA  polymer (ɚexc. = 400 nm), upon the addition of 

(a) CuCl2, (b) CoCl2, (c) NiCl2, (d) MnCl2, (e) CdCl2, (f) HgCl2, and (g) ZnCl2. All 

measurements were conducted in 50:50 water:1,4-dioxane buffered to pH 7.4 with 25 mM 

HEPES. 



 

65 

 

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

400 420 440 460 480 500 520 540

I/
I 0

0.0

0.2

0.4

0.6

0.8

1.0

(a)

(g)

(f)(e)

(d)(c)

(b)

Cu
II

Co
II

Zn
II

Hg
II

Cd
II

Mn
II

Ni
II

 

Figure 3-4 Fluorescence spectra for the Ph-PA polymer (ɚexc. = 380 nm), upon the addition of 

(a) CuCl2, (b) CoCl2, (c) NiCl2, (d) MnCl2, (e) CdCl2, (f) HgCl2, and (g) ZnCl2. All 

measurements were conducted in 50:50 water:1,4-dioxane buffered to pH 7.4 with 25 mM 

HEPES. 
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Figure 3-5 Fluorescence binding profiles for (a) Ph-AA  (ɚexc. = 380 nm, ɚem. = 418 nm), 

(b) Ph-PA (ɚexc. = 380 nm, ɚem. = 412 nm), and (c) yne-AA  (ɚexc. = 400 nm, ɚem. = 444 nm), upon 

the addition of CuCl2, CoCl2, NiCl2, HgCl2, CdCl2, MnCl2, and ZnCl2. All measurements were 

conducted in a 50:50 water:1,4-dioxane solution buffered to pH 7.4 with 25 mM HEPES. 

 

Figure 3-6 Normalized fluorescence titration profiles of the three conjugated polymers, upon the 

addition of aliquots of (a) CuCl2, (b) MnCl2, and (c) NiCl2 (ɚexc. = 380 nm for Ph-AA  and Ph-PA 
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and ɚexc. = 400 nm for yne-AA ). Fluorescence profiles are shown at the wavelength of maximum 

emission for each polymer. 

Other forms of quenching, including dynamic (i.e. collisional) quenching and 

aggregation-induced quenching are possible contributors to the observed amplified quenching. 

The amplified quenching response typical of conjugated polymers can be elucidated via 

Stern-Volmer (S-V) plots, in which the changes in the slope of I0/I as a function of quencher 

concentration ([Q]) is plotted (i.e. changes Stern-Volmer constant (KSV) (see eq. 1).  

Ὅ

Ὅ
ρ  ὑ ὗ     (eq. 1) 

In fact, a non-linear S-V plot (i.e. changes in the KSV) is indicative of multiple quenching 

processes occurring throughout the titration. Additionally, the typical amplified quenching 

response is associated with an increase in KSV.71,76 As an illustrative example, Figure 3-7 

displays four stacked S-V plots for each polymer with CuII, MnII, CoII, and NiII. Some metal ions 

display high non-linearity throughout the titration, indicating that more complex quenching 

mechanisms may be present, whereas weaker quenchers showed more linear responses, 

indicating the dynamic collisional mechanism as the main driver of the observed quenching. 

Initially, some metal ions display a steep increase in slope in the Stern-Volmer diagram, which 

eventually decreases starkly at higher [M II]. This suggests that the first few equivalents of MII 

binding to specific sites on the polymer lead to strong quenching amplification (high and 

increasing slope in a Stern-Volmer diagram). Further quenching past the saturation of available 

metal binding is mostly collisional (corresponding to the linear portion in the Stern-Volmer plot, 

with lower, constant slope). Similarly, metal ions with weaker affinity for these polymers also 

display primarily dynamic collisional quenching, with linear Stern-Volmer plots with lower and 
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constant slope (KSV). It should also be noted that d10 metals, namely ZnII and CdII ions, generated 

a systematic red-shift in the emission spectrum of the yne-AA  polymer, suggesting that metal ion 

induced aggregation quenching is a significant quenching pathway as well, as reported 

previously for other closed-shell metal ions interacting with conjugated polyelectrolytes (see 

Figure 3-3).76 This effect is also evident for NiII into yne-AA , albeit to a lesser extent, and also 

ZnII into the Ph-AA  polymer (see Figure 3-2). 

 

Figure 3-7 Stern-Volmer (S-V) plots for (a) Ph-AA  (ɚexc. = 380 nm, ɚem. = 418 nm), (b) Ph-PA 

(ɚexc. = 380 nm, ɚem. = 412 nm), and (c) yne-AA  (ɚexc. = 400 nm, ɚem. = 444 nm), upon the 

addition of aliquots of CuII, CoII, NiII, and MnII. All measurements were conducted in a 

50:50 water:1,4-dioxane solution buffered to pH 7.4 with 25 mM HEPES. 

Taken together, these differential quenching responses would allow one to distinguish 

each of these metal ions at relatively high (e.g. micromolar) concentrations. Direct 

discrimination at lower, analytically more relevant concentrations (e.g. sub-nanomolar) may still 

be possible thanks to the high sensitivity of conjugated polymers, but it would become 
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increasingly difficult to achieve high selectivity for multiple metal ions at smaller concentrations. 

However, this wealth of information from the highly sensitive signal responses from these 

conjugated polyelectrolytes can be harnessed using pattern recognition techniques. 

3.4 Chemical fingerprinting  of metal cations at picomolar concentrations 

These three fluorene-based conjugated polyelectrolytes were used to build an array for 

metal ion detection at sub-nanomolar concentrations against a panel of nine divalent metal ions 

(CuII, CoII, NiII, MnII, FeII, ZnII, CdII, HgII, and PbII) at a [MII] = 500 pM, a concentration that is 

well below the detection limits required by the EPA for toxic metal ions in environmental water 

samples.123 Samples were laid out on 384-well microplates. Each metal-polymer combination 

was added in replicates of 16 to test repeatability, along with polymer reference standards and 

solvent blanks (see Figure 3-8a). As mentioned previously, polymer stock solutions were 

prepared as saturated solutions that were centrifuged and filtered in 50:50 water:1,4-dioxane 

solution buffered to pH 7.4 in 25 mM HEPES. Appropriate aliquots of the saturated polymer 

solutions were diluted to obtain working solutions with similar fluorescence emission intensities. 

Divalent metal chloride stock solutions were freshly prepared in DI water from the solid salts. 

Once again, metal chloride salts were used throughout to prevent anion biasing effects and for 

chlorideôs good water solubility and relative inertness at neutral pH.111 An appropriate aliquot 

(between 0-25 µL) of each metal chloride solution was then added to volumetric flasks 

containing the polymers and filled to volume with 50:50 buffered water:1,4-dioxane to give 

[metal] = 500 pM. Care was taken to ensure that each aliquot of metal ion solution in DI water 

added would be exactly 1% of the total volume, thereby preventing significant deviation from 

the 50:50 water:dioxane co-solvent system and also possible differential quenching from unequal 

solvent composition, instead of the metal ions themselves. 
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For rapid data acquisition, fluorescence measurements were collected on an automated 

plate reader using a series of band-pass filters (ɚexc./ɚem.): 330/450 nm, 330/460 nm, 330/485 nm, 

330/516 nm, 380/450 nm, 380/460 nm, 380/485 nm, 380/516 nm, corresponding to the 

maximum excitation and emission wavelengths of the polymers. In total, eight fluorescence 

measurements were taken for each polymer, giving a total of 24 instrumental variables. 

Absorbance measurements were not taken, since the polymer concentrations in the working 

solution were low enough that their absorbance was well below the detection limit of the 

instrument. The raw instrumental data from the plate reader using the 380/450 nm filter 

combination is given in Figure 3-8b for the replicates of all nine metal ions with the three 

polymers, indicating strong differential response patterns from the polymers. 

The resultant data set was subjected to linear discriminant analysis (LDA) and principal 

component analysis (PCA). The two-dimensional LDA and PCA scores plots of the raw data set 

displayed very good, albeit incomplete separation of all nine divalent metal cations. However, 

analysis of the corresponding loadings plot showed that many instrumental measurements were 

redundant, contributing nothing but noise to the overall performance of the array. The 

two-dimensional plots of LDA and PCA scores for the raw 500 pM data set are presented in 

Figure 3-9. The corresponding LDA loadings plot is presented in Figure 3-10. 
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Figure 3-8 (a) A general schematic of a multi-well microplate used for a typical multivariate 

experiment. Red circles: wells containing Ph-AA :metal samples; blue circles: wells containing 

yne-AA :metal samples; green circles: wells containing Ph-PA:metal samples. (b) Raw 

experimental fluorescence data for the Ph-AA , yne-AA , and Ph-PA polymers in the presence of 

metal cations ([MII] = 500 pM), using the following band-pass filter combination: 

ɚexc. = 380 ± 10 nm, ɚem. = 450 ± 25 nm. The reported values are the averages of 12-16 replicate 

samples after removal of outlier data points. 

 

Figure 3-9 (a) Two-dimensional plot of the PCA scores for the attempted differentiation of nine 

divalent metal ions using all instrumental measurements in the raw data set ([metal] = 500 pM). 

(b) Two-dimensional plot of LDA scores for the differentiation of nine divalent metal ions using 
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the same data set. The experiment was conducted in 50:50 water:1,4-dioxane buffered to pH 7.4 

with 25 mM HEPES. All confidence ellipsoids are drawn to 95% confidence level. 

 

Figure 3-10 Two-dimensional plot of LDA loadings from the scores plot in Figure 3-9b, 

displaying the high amount of superfluous instrumental measurements that could be removed 

(black circles). Red circles: contributions from fluorescence measurements of Ph-AA ; blue 

circles: yne-AA ; green circles: Ph-PA. 

To improve the arrayôs discriminatory power, variable reduction was carried out, 

removing all instrumental variables whose overall weighted contribution to all LDA factors was 

less than 1%. This is graphically represented in Figure 3-11. This procedure removed 14 

superfluous variables that were contributing only noise to the data set, thereby worsening the 

differentiation; this left only the ten most important measurements; namely the fluorescence 

emission at 330/450, 380/450, 380/460, 380/485, and 380/516 nm for Ph-AA ; and fluorescence 

emission at 330/450, 380/450, 380/460, 380/485, and 380/516 nm for the yne-AA  polymer. The 

resultant data set was subjected to multivariate analysis (LDA and PCA) and dimensionality 

reduction by retaining only the first two factors from the LDA analysis. The resulting 
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two-dimensional plots of LDA scores and loadings are shown in Figure 3-12. Indeed, the 

removal of 14 non-contributing measurements greatly improved the LDA scores plot: all metal 

ions were now clearly differentiated. Furthermore, the two-dimensional PCA scores plot, shown 

in Figure 3-13, also organized metal ion data points into much more distinct and well-separated 

clusters. As mentioned previously, PCA is an unsupervised pattern recognition technique that 

relies only on the variances contained in the data set for analyte classification. Therefore, it is 

often run to ensure that the results from the LDA analysis are representative of underlying 

chemical differences within the data. In fact, a strong improvement in the PCA results is a more 

direct indication of better overall quality of the reduced measurement data set, even if the final 

results of the PCA analysis are generally not as effective for analytical discrimination as the 

LDA results. 

 

Figure 3-11 A graphical representation of the process by which we removed 14 instrumental 

measurements from the raw 500 pM data set. The black line at 1% designates our chosen 

threshold. Contributions from measurements whose importance was higher than the 1% 

threshold are shown as green bars and were retained for further analysis. Contributions from 

measurements that were less than 1%, shown as light grey bars, were removed from the data set. 
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Figure 3-12 (a) Two-dimensional plot of the LDA scores for the successful differentiation of 

nine divalent metal cations at 500 pM using only the Ph-AA  and yne-AA  polymers. The plot 

was generated using only the ten most important instrumental measurements and captures 95.0% 

of the total information in the raw data set. All confidence ellipsoids are drawn to 95% 

confidence level. (b) Corresponding LDA loadings plot for the differentiation of divalent metal 

ions at 500 pM, indicating the relative contributions of each instrumental measurement to the 

first two LDA factors. Red circles: contributions from fluorescence measurements of Ph-AA ; 

blue circles: yne-AA . Inset: table of parts per trillion (ppt) values for each target metal cation at 

500 pM. 
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Figure 3-13 Two-dimensional plot of PCA scores for the differentiation of nine divalent metal 

cations at 500 pM, using the ten most important instrumental measurements. All confidence 

ellipsoids are drawn to 95% confidence level. 

The factor loadings indicate that the Ph-PA polymer, carrying the iminodipropionate 

metal binding arms, contributed far less to the differentiation than the other two. In fact, variable 

reduction led to the removal of all fluorescence measurements from Ph-PA; only measurements 

from polymers Ph-AA  and yne-AA  (containing the EDTA-like iminodiacetate ligands) were 

retained. Moreover, polymers whose backbone contains either the p-phenylene (ñPhò) or the 

ethynyl (ñyneò) spacers contribute in nearly equal proportions towards differentiation, an ideal 

situation in pattern recognition and an encouraging confirmation of the original hypothesis that 

differences in the conjugated backbone would provide a stronger contribution to differentiation 

at picomolar concentrations than differences in metal binding sites. 

3.5 Detection in seawater samples 

To test the array sensor in a more challenging analytical matrix, the same array was 

exposed to the same panel of dissolved metal ions, but this time in an environmental seawater 

sample collected during a scientific cruise on the Point Sur research vessel by our collaborator 
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Prof. Alan Shiller of the University of Southern Mississippi-Gulfport. The seawater samples we 

used came from the region in the Gulf of Mexico where the Deepwater Horizon platform used to 

be located. Sensing in this medium is often problematic due to the higher salinity (ca. 0.6 M 

NaCl) and level of chemical interferents, which often attenuate fluorescence properties by 

providing a variety of new pathways for non-radiative decay. However, the very strong 

fluorescence emission of these conjugated polyelectrolytes and the low impact of collisional (i.e. 

ñrandomò) quenching we found in our previous experiments at high [M II] indicate that the latter 

would be of minimal concern even in a high salinity environment. Additionally, our previous 

experience with fluorene-based conjugated polyelectrolytes showed minimal quenching when 

used in high salinity media for azo dye detection.78 The polymersô emission does not appear to 

be adversely affected by constituents of seawater (e.g. Na+, Mg2+, Cl-). 

The seawater samples were provided by Professor Alan Shillerôs lab from the Department 

of Ocean Science and Engineering at the University of Southern Mississippi. A map of the Gulf 

Coast, pinpointing the geographic coordinates of the collected sample is shown in Figure 3-14a. 

All polymer solutions were prepared as described previously. Given the intrinsically higher 

complexity of seawater as a sensing medium, the targeted concentration of metal ions was 

500 nM. Metal chloride stock solutions were prepared in DI water; small aliquots of these stock 

solutions were diluted in the seawater provided. All metal chloride solutions were diluted using 

seawater from a single homogeneous sample (labelled ñDeepwater Horizon 3ò by Dr. Shillerôs 

lab, referred as ñDWH3ò) to prevent unwanted effects stemming from compositional differences 

in environmental samples collected at different locations. The metal ions solutions were then 

added to the polymers and filled to volume, using the co-solvent system and conditions 

previously stated, before being deposited on a 384-well microplate. The same eight fluorescence 
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measurements were collected as mentioned previously. Figure 3-14b, once again, displays the 

raw fluorescence data (ɚexc./ɚem. = 380/450 nm) for the three conjugated polyelectrolytes in the 

presence of all nine metal ions in ñDWH3ò seawater. 

 

Figure 3-14 (a) A map of the Deepwater Horizon location in the Gulf of Mexico, identifying the 

coordinates of sample collection (red star, 29°18ô22.0òN, 88°29ô29.2òW) used as the matrix for 

metal ion sensing. (b) Raw experimental fluorescence data for the Ph-AA , yne-AA , and Ph-PA 

polymers in the presence of metal cations ([MII] = 500 nM) in Deepwater Horizon (ñDWH3ò) 

seawater media, using the following band-pass filter combination: ɚexc. = 380 ± 10 nm, 

ɚem. = 450 ± 25 nm. The reported values are the averages of 12-16 replicate samples after 

removal of outlier data points. 

After data collection, variable reduction was carried out as described previously; the 

resultant data set was subjected to LDA and dimensionality reduction to generate the 

two-dimensional scores and loadings plots shown in Figure 3-15. Despite the much more 

demanding conditions, the array displayed excellent discrimination of all nine divalent metal 

cations. Once again, the factor loadings revealed that the Ph-PA polymer did not contribute as 

much to the discrimination compared to the Ph-AA  and yne-AA  polymers. Interestingly, this 

time the yne-AA  polymer was found to be the most important contributor under these harsher 

conditions. As mentioned before, it was gratifying to see that the PCA scores plot also provided 

complete separation of all nine metal ions in the ñDWH3ò seawater sample, indicating excellent 
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reproducibility and strong discriminatory power from the sensing array, given the much more 

complex and demanding conditions (see Figure 3-16). 

 

Figure 3-15 (a) Two-dimensional plot of LDA scores for the differentiation of nine divalent 

metal cations dissolved in a seawater sample matrix using conjugated polymers Ph-AA , yne-AA , 

and Ph-PA ([M II] = 500 nM). The plot was generated using only the ten most important 

instrumental measurements and captures 85.2% of the total information in the raw data set. All 

confidence ellipsoids are drawn to 95% confidence level. (b) Corresponding LDA loadings plot, 

indicating the relative contributions of each instrumental measurement to the first two factors. 

Red circles: contributions from fluorescence measurements of Ph-AA ; blue circles: yne-AA ; 

green circles: Ph-PA. 
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Figure 3-16 Two-dimensional plot of PCA scores for the differentiation of nine divalent metal 

cations at 500 nM in natural seawater, using the ten most important instrumental measurements. 

All confidence ellipsoids are drawn to 95% confidence level. 

To ensure reproducibility of the sensing array and to explore the limit of differentiation of 

the system in seawater, further analysis was conducted in standard artificial seawater media (see 

Table 3-1 for its composition).147 

Table 3-1 Constituents for a 1 kg artificial seawater solution prepared and used as a metal ion 

sensing medium. 

Components g/kg solôn 

NaCl 24.9 

MgCl2 5.21 

Na2SO4 4.16 

CaCl2 1.18 

KCl 0.724 

NaHCO3 0.150 

KBr 0.104 

B(OH)3 0.027 

SrCl2 0.015 

NaF 0.003 

Initially, it was important to confirm that the array performed comparably in both 

seawater matrices at [MII] = 500 nM by reproducing the LDA scores plot that was obtained in 
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natural seawater. All conditions and array preparations were kept identical to those previously 

described and the same eight fluorescence measurements were taken for all three polymers, 

namely fluorescence emission at 330/450, 330/460, 330/485, 330/516, 380/450, 380/460, 

380/485, and 380/516 nm. After multivariate analysis, variable and dimensionality reduction, a 

two-dimensional scores plot was obtained that separates all nine metal ions and is practically 

indistinguishable from the 500 nM experiment performed in the ñDWH3ò natural seawater 

matrix. Furthermore, the greatest contributors to differentiation in this experiment are similar to 

the natural seawater experiment (yne-AA  > Ph-AA  > Ph-PA). The LDA plots of factor scores 

and loadings at [MII] = 500 nM in artificial seawater are presented in Figure 3-17. 

 

Figure 3-17 (a) Two-dimensional plot of LDA scores for the differentiation of nine divalent 

metal cations at 500 nM in artificial seawater media, using the twelve most important 

instrumental measurements. All confidence ellipsoids are drawn to 95% confidence level (b) 

Corresponding LDA loadings plot, indicating the relative contributions of each instrumental 

measurement to the first two factors. Red circles: contributions from fluorescence measurements 

of Ph-AA ; blue circles: yne-AA ; green circles: Ph-PA. 

Given these results, the same experiment was repeated at a lower concentration 

([M II] = 100 nM) in the artificial seawater medium. Once again, multivariate analysis and 
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dimensionality reduction produced two-dimensional LDA and PCA scores plots that displayed 

good discrimination overall, albeit with slight overlap between the CdII and PbII clusters in both 

plots, even after removal of redundant instrumental measurements (variable reduction). 

Therefore, despite all other metal ion clusters being well-separated, the limit of differentiation 

was conservatively reported to be 100 nM for the current system. The two-dimensional plots of 

LDA scores and loadings at [MII] = 100 nM are given in Figure 3-18; the corresponding PCA 

scores plot is displayed in Figure 3-19. Under these more challenging conditions and lower metal 

ion concentration, the factor loadings indicate more uniform contributions from the three 

polymers; in fact, here the Ph-PA polymer displayed its most significant contribution so far, 

albeit still minor. Overall, the yne-AA  and Ph-AA  polymers were still the most important 

contributors to differentiation. 

 

Figure 3-18 (a) Two-dimensional plot of LDA scores for the differentiation of nine divalent 

metal cations dissolved in an artificial seawater matrix using conjugated polymers Ph-AA , 

yne-AA , and Ph-PA ([M II] = 100 nM). The plot uses only eleven of the most important 

instrumental measurements and captures 95.4% of the total information in the raw data set. All 

confidence ellipsoids are drawn to 95% confidence level. (b) Corresponding LDA loadings plot, 

indicating the relative contributions of each instrumental measurement to the first two factors. 

Red circles: contributions from fluorescence measurements of Ph-AA ; blue circles: yne-AA ; 

green circles: Ph-PA. 
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Figure 3-19 Two-dimensional plot of PCA scores for the differentiation of nine divalent metal 

cations at 100 nM in artificial seawater, using the 11 most important instrumental measurements. 

All confidence ellipsoids are drawn to 95% confidence level. 

The minor overlap between the CdII and PbII replicate clusters at 100 nM was easily 

overcome by retaining more information (i.e. a third LDA factor) and generating a 

three-dimensional plot. The LDA analysis reports that the third factor contributed 4.0% of the 

overall information content in the [MII] = 100 nM data set. This relatively small addition, 

however, was sufficient to provide complete separation of the PbII and CdII clusters; indeed, 

these two metal clusters are clearly separated along the ñFactor 3ò axis. The three-dimensional 

LDA scores plot is presented in Figure 3-20. 



 

83 

 

 

Figure 3-20 Three-dimensional plot of LDA scores for the differentiation of nine divalent metal 

cations at [MII] = 100 nM in artificial seawater media. The plot was generated using the same 

data set from the 2D plot shown in Figure 3-18a, using the eleven most important instrumental 

measurements, capturing 99.4% of the total information in the first three factors. Only the PbII 

and CdII clusters are labeled for clarity. All confidence ellipsoids are drawn to 95% confidence 

level. 

The array presented here was highly successful with the detection of nine heavy metal 

cations at 100 nM in a single experiment; an achievement that would be very considerable even 

in neutral or buffered water, made more notable by the challenging high salinity, high 

interference analytical medium. It is noteworthy to mention again that concentrations of 100 nM 

(low ppb) in seawater are on par with the values reported by the EPA as safe for aquatic life.124 

The good reproducibility bodes well for future optimization work with these polymers in 

artificial seawater, which can be translated seamlessly to natural environmental samples. Future 

work will also attempt to apply this conjugated polyelectrolyte-based sensor to on-site detection 

of toxic metal ion pollutants in the Gulf of Mexico. 

Pb

Cd
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3.6 Conclusions 

A series of water soluble conjugated polyelectrolytes biased towards heavy metal binding 

was designed and combined into a sensing array for ultra-sensitive detection (parts per trillion) of 

metal cations in aqueous media, including successful detection in challenging seawater media. 

Three strongly emissive fluorene-based conjugated polymers were used, each having their own 

distinct combination of conjugated spacer group and metal binding units; the former adjusted the 

electronic properties of the fluorene co-polymer, while the latter altered the affinity of the 

polymers towards metal ions. Optimal conditions were identified for high sensitivity metal 

identification, namely a 50:50 water:1,4-dioxane solution used to break up self-aggregation of 

the amphiphilic conjugated polyelectrolytes, buffered to pH 7.4 using 25 mM HEPES. A critical 

step to ensure repeatable operation was the use of standardized-emission solutions, prepared 

from easily attainable saturated solutions and then diluted to provide a reproducible and 

consistent fluorescence emission signal. 

Preliminary metal ion titration studies indicated that these polyelectrolytes displayed 

differential quenching with a variety of divalent heavy metal ions, suggesting the manifestation 

of many quenching mechanisms, including amplified quenching, aggregation-induced 

quenching, metal ion-induced quenching, and collisional quenching. Thanks to their high 

sensitivity and their promiscuous yet differential quenching preferences, the polymersô complex 

response to metal ions could be interpreted by multivariate data analysis techniques, providing an 

exceedingly selective sensor at [MII] = 500 pM in low-salinity water. Analysis of the factor 

loadings revealed that differing electronic properties caused by changes in the conjugated spacer 

group (phenylene vs. ethynylene) were the most important contributor to the discriminatory 

power of this sensing array. 



 

85 

 

Given the strong and sensitive emission properties from these polymer receptors, and 

their relative insensitivity to potential quenchers in solution, these polymers were successfully 

put to use as receptors in highly interfering natural seawater media. Despite the high interferent 

level, the polymersô fluorescence emission intensity and differential quenching were only 

minimally affected, retaining their capabilities to discriminate the same divalent metal ions down 

to 100 nM in this complex analytical matrix. The easily tunable nature of these polyelectrolytesô 

electronic properties proved to be the most effective for differentiation, a characteristic that has 

rarely been applied to array sensing of metal ions. Moreover, the strong metal binding, 

EDTA-like, groups offered two novel conjugated polyelectrolytes and introduced a new class of 

polymeric materials for future array sensing endeavors. As the synthesis and functionality of 

conjugated co-polymers becomes more readily accessible, this work offers a guide for optimal 

array performance, using these materials as ultra-sensitive and selective metal ion sensors. 

3.7 Experimental details 

3.7.1 Materials  

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and 1,4-dioxane were 

purchased from ICI Scientific and VWR, respectively, and used without further purification. All 

metal chloride salts were bought from Fluka. For consistency, all stock solutions of polymers and 

metal chloride salts were prepared fresh before each experiment. All experiments were carried 

out in a 50:50 water:1,4-dioxane solution buffered to 7.4 with 25 mM HEPES, prepared by 

adding an appropriate amount of HEPES free acid to deionized (DI) water; the pH was then 

adjusted to 7.4 by adding 1.0 M NaOH as needed and monitoring with a combined glass 

electrode, then bringing up to volume. To avoid unwanted absorption of water over time, any 

hygroscopic salts (ZnCl2 and CdCl2) were dried to constant weight in an oven set to 110 °C and 
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stored in a desiccator before use. All polymers in this study were synthesized and characterized 

by Dr. Joshua Tropp under the guidance of Prof. Jason Azoulay from the School of Polymer 

Science and Engineering at the University of Southern Mississippi. 

3.7.2 Instrumentation  

UV-vis experiments were performed on a Hewlett-Packard 8452A diode array UV-vis 

spectrophotometer. Benchtop steady-state fluorescence measurements were carried out with an 

ISS PC1 spectrofluorimeter. Excitation was carried out using a broad-spectrum high-pressure 

xenon lamp (CERMAX, 300W). Excitation correction was performed through a rhodamine B 

quantum counter with a dedicated detector. Excitation intensity was controlled by a manually 

operated iris (open/closed only). Spectral resolution was controlled by manually operated slits. 

Detection was through a Hamamatsu red-sensitive PMT. Experimental temperature (25 °C) was 

controlled by an external circulating water bath.  

Multivariate data was acquired on a BioTek Synergy II multimode microwell plate 

reader, capable of measuring absorbance spectra through a monochromator and steady-state 

fluorescence intensity through a set of bandpass filters: 

Excitation filters:  (center/bandpass) 330/20 nm, 380/20 nm 

Emission filters: (center/bandpass) 450/50 nm, 460/40 nm, 485/20 nm, 516/20 nm 

The sample compartment in this instrument was electrically thermostatted to 25 °C. 

Detector gain on the plate reader was automatically adjusted to maximize the signal of the most 

emissive well on the plate. Experiments were laid out by hand using Eppendorf Research 

multichannel pipettors and disposable plastic tips into Aurora microwell plates with clear 

bottoms for fluorescence spectroscopy in a 384-well configuration. The plates were made of non-

treated cyclo-olefin polymer (COP) with clear flat bottoms. Each well was filled with exactly 
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100 µL of sample solution for uniformity. Plates were read on the multimode plate reader 

immediately after preparation. Reading required about 20-30 minutes for each plate. In this time 

span, there appeared to be no evaporation of solvent (50:50 water:dioxane), therefore plates did 

not need to be sealed. 

3.7.3 Benchtop titration s 

All benchtop optical spectroscopic measurements, including metal binding titrations were 

performed in 50:50 water:1,4-dioxane buffered to pH 7.4 using 25 mM HEPES. Polymer stock 

solutions were prepared by suspending the solid polymer in the water:dioxane solvent and 

sonicating the suspension for 2-3 minutes. After cooling, each saturated polymer solution was 

then transferred to a centrifuge tube and centrifuged for 30 minutes at 3,300 rpm using a Fisher 

Scientific Centrific centrifuge, Model 228. After centrifugation, the saturated solution 

supernatant was removed. Any residual suspended solids were removed from it using a 13 mm 

syringe filter with 0.45 ɛm PTFE membrane (from VWR). Working polymer solutions were then 

diluted by adding an appropriate aliquot of this stock solution (200-400 µL) to pure 

50:50 water1,4-dioxane solvent (buffered to pH 7.4 with 25 mM HEPES) in a 1 cm quartz 

cuvette. Absorbance and fluorescence emission measurements were then taken for the three 

polymers. Representative absorbance and fluorescence spectra are presented in Figure 3-21. 

Fluorescence emission spectra were collected by exciting the polymer at their most red-shifted 

spectral maximum. 

All metal binding titrations were performed by adding a measured aliquot of the polymer 

stock solution into pure 50:50 water:1,4-dioxane (buffered to pH 7.4 with 25 mM HEPES) in a 

1 cm quartz cuvette to obtain a working solution with the desired fluorescence intensity. 

Fluorescence emission measurements of each working polymer solution were then taken. 
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Subsequent additions (1-100 µL per addition) of a separately prepared titrant solution, containing 

a known concentration of metal chloride and the same concentration of polymer, were added to 

the cuvette. Fluorescence emission measurements were collected immediately after each addition 

of titrant solution. 
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Figure 3-21 Representative absorbance (solid lines) and fluorescence spectra (dotted lines) for 

Ph-AA  (red , ɚexc. = 380 nm, 400 ɛL added stock solution), yne-AA  (blue, ɚexc. = 400 nm, 

200 ɛL added stock solution), and Ph-PA (green, ɚexc. = 380 nm, 400 ɛL added stock solution). 

Working solutions were prepared in a 1 cm quartz cuvette by adding the indicated amount 

(200-400 ɛL) of a saturated, stock polymer solution to 2.0 mL of pure co-solvent 

(50:50 water:1,4-dioxane buffered to pH 7.4 with 25 mM HEPES). 

3.7.4 Multivariate data analysis 

Linear Discriminant Analysis (LDA) and Principal Component Analysis (PCA) were 

used to interpret the data sets, common statistical treatments used for the interpretation of 

multidimensional data sets. All multivariate analyses were performed in the commercial 

Mathematica program (release 11.3) published by Wolfram Research Inc, using code developed 

in-house. 
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As a preliminary step to check for statistical outliers, principal component analysis was 

applied to each set of metal ion/polymer replicate points. Replicate points well outside a 95% 

confidence interval (CI) were considered outliers and removed from the raw data set. Figure 3-22 

displays the results of this analysis for Cu(II) in the 500 pM data set as an example; in this case, 

data point 2 lies well outside the 95% confidence ellipsoid and was removed from the data set 

before further analysis. 

 

Figure 3-22 PCA score plot for replicates of the Cu(II) analyte in the 500 pM replicate data set, 

with a calculated 95% confidence ellipsoid shown as a grey line. Point 2 (indicated in red) is 

clearly well outside the confidence interval and was therefore removed from the data set before 

further analysis. 

As a further preliminary step in addition to outlier data removal, the quality of 

information carried by each raw instrumental measurement was analyzed. LDA and PCA were 

run for a first time using all instrumental measurements and based on the analysis of the LDA 

loadings plot obtained from these results, many instrumental parameters were found to contribute 

very little to the overall differentiation. Thus, an optimal threshold was found, by which 

redundant measurements could be removed, while at the same time preserving the most 
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important ones. For all data sets in this study, the optimal threshold was determined to be 

between 0.5-1.0% of the overall weighted contribution among all factors in the transformed data 

set; i.e. any instrumental measurement whose percent contribution was below this set threshold 

was removed, and anything above was retained. For example, the optimal threshold for the 

500 pM data set was 1%, which resulted in retention of only ten of the 24 total instrumental 

measurements; this variable filtering method for the 500 pM data set was graphically displayed 

in Figure 3-11 above. 
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CHAPTER 4 

 

BINDING INTERACTIONS OF HYPERBRANCHED POLYELECTROLYTES 

WITH AROMATIC HYDROPHOBICS IN WATER

 

4.1 Introduction 

For many years, globular polyelectrolytes, such as dendrimers and micelles, have been 

extensively studied as encapsulating agents for small organic molecules.148-149 In particular, 

dendrimers are hyperbranched polymers containing a central core from which repeat units extend 

outwards. These macromolecular architectures were first introduced in the late 1970s by V gtle 

et al.,150 and since have led to a large variety of dendritic chemical structures.151 One such class 

of dendrimers, poly(amidoamine) (PAMAM) dendrimers, first prepared in the early 1980s by 

Tomalia et al.,152 consist of a variety of divalent cores, the most common being a 

1,2-diaminoethane (ethylenediamine, en) core, with amidoamine repeating units and terminal 

primary amines representing further growth and branching points, with each new branching point 

starting a new generation of the dendrimer. Scheme 4-1 shows the chemical structure of a 

generation 1 (G1) PAMAM dendrimer. They are water soluble, commercially available, and 

highly ordered cationic polyelectrolytes that have received attention due to their interesting 

features, such as their well-defined globular structure and high loading capacity.153-154 

In the Bonizzoni group, the multi-valent binding capacity associated with these 

polyelectrolytes has been exploited, making them effective supramolecular hosts for the 

detection of organophosphates and biological phosphates,37-38 and of carbohydrates,34 using 

optical spectroscopic methods. Given these promising results and wanting to attain a deeper 



 

92 

 

understanding of the processes involved in encapsulation of small molecules with these 

polymers,155-157 our group embarked in studies to clarify these interactions with small-molecule 

analytes in water. 

 

Scheme 4-1 Chemical structure of a first generation (G1) amine-terminated poly(amidoamine) 

(PAMAM) dendrimer. 

The findings from this preliminary work, performed by Dr. Ashley Steelman, showed 

that electrostatic interactions provide most of the driving force for complex formation, with 

hydrogen bonding and interactions from the dendrimer arms with aromatic moieties (i.e. CH-ˊ 

and cation-ˊ interactions) in the guest molecule also providing more subtle differentiation in 

affinity between these dendrimers and small water-soluble species. The latter result was 

represented graphically using two trianion guests, trimesate and 1,3,5-cyclohexanetricarboxylate 

(CHTC), upon their addition to a 5,(6)-carboxyfluorescein (CF)-generation 5 (G5) PAMAM 

complex, displaying better displacement capability by trimesate.156 The chemical structures of 

each small-molecule target and the fluorescence isotherm plots are presented in Figure 4-1. 

Starting with the dendrimer-fluorophore complex, the fluorophore (CF), is significantly 

quenched by the dendrimer. Upon the addition of the displacer (DP) guest molecules, the CF 
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molecules will be released from the dendrimer host, restoring its fluorescence signal. Given the 

similar charge density, it was proposed that the overall greater affinity was attributed to cation-  ́

or CH-  ́interactions involving the aromatic core of the trimesate guest. In this chapter, we focus 

on the effects of this unexpected and important interaction of these dendrimers with small guest 

molecules with aromatic moieties. Fluorescent spectroscopic methods were used to probe the 

underlying interactions between amine-terminated PAMAM dendrimers with simple, yet 

analytically relevant, polycyclic aromatic hydrocarbon (PAH) targets. 
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Figure 4-1 Fluorescence intensity isotherm from the titration of a G5-CFn complex with 

trimesate and 1,3,5-cyclohexanetricarboxylate trianion displacers (DPs).156 [CF] = 2.0 ɛM, 

[G5] = 0.45 ɛM in buffered H2O (pH = 7.4 with 50 mM HEPES; ɚexc. = 485/20 nm, 

ɚem. = 560/40 nm). 

Polycyclic aromatic hydrocarbons (PAHs) were chosen as a homogeneous family of 

hydrophobic aromatic compounds having pronounced and well-characterized fluorescence 

properties, providing a valuable and varied group of probes to study their interactions with these 
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macromolecules. PAHs are well-known as toxic environmental pollutants with mutagenic and 

carcinogenic properties, whose determination through non-covalent sensing methods is important 

for environmental and health applications,158-162 so identifying their uptake into polymeric hosts 

could foster further applications towards their sensing and remediation. These compounds occur 

from many natural sources, however, emissions from pyrogenic sources such as fossil fuels and 

industrial manufacturing lead to their unwanted introduction into the environment.163-164 Thus, 

many research efforts aim to address the detection of these compounds, despite their uncharged 

and non-polar nature, featureless chemical structure, and lack of heteroatom containing 

functional groups.165 In addition to chemical detection applications, understanding the 

interactions between PAHs and PAMAM dendrimers would also impact other problems, such as 

hydrophobic drug dissolution and bioavailability, and problems in separation science. 

For this study, the fluorescence emission response of anthracene and pyrene 

(Scheme 4-2) was investigated upon their interaction with amine-terminated PAMAM 

dendrimers. These PAHs were chosen as representative examples for their relatively simple 

chemical structure, their ready availability, and their intense, well-characterized fluorescence 

emission properties.166-167 To evaluate the uptake of PAH guests by dendrimer host in neutral 

water despite the PAHôs low solubility in this medium, a dissolution testing method was used, a 

common technique often used for the determination of solubility properties of 

pharmaceuticals.168 Preliminary thin-film dissolution experiments and results, conducted by Dr. 

Steelman, are presented in the following section. 
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Scheme 4-2 Chemical structures of anthracene (left) and pyrene (right) as representative PAHs 

used as guest binding probes with amine-terminated PAMAM dendrimers. 

4.1.1 Thin -film dissolution experiments 

For this method, hexanes stock solutions of PAH guests were prepared, and small 

aliquots (200-300 µL) of these solutions were added to multiple cuvettes and the solvent 

removed under a stream of nitrogen to deposit a constant amount of PAH in each cuvette. Care 

was taken to deposit an amount of hydrocarbon much greater than what can be solubilized by 

water alone, and large enough to ensure that only a fraction of the available PAH would be 

brought into solution by the polyelectrolyte, ensuring that the free dissolved PAH would always 

be maintained at a constant concentration by each PAHôs natural dissolution equilibrium in the 

presence of the solid thin film. To the cuvettes were added buffered aqueous solutions containing 

increasing concentrations of three generations of PAMAM dendrimer (G3-G5). Dendrimer 

generations were chosen because they strike an optimal balance between large size and 

affordable cost, making the findings more relevant for practical applications. In fact, dendrimers 

smaller than G3 do not display high enough affinity to be viable in the desired applications.169 

On the other hand, larger dendrimers might perform better than those reported here, however 

they are exponentially more expensive than the smaller sized generations due to greater difficulty 

obtaining them in high purity. All aqueous solutions were buffered to pH 7.4 using 50 mM 

HEPES since we were interested in aqueous conditions relevant to physiological and 

environmental applications. 
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Once prepared, the cuvettes were then allowed to equilibrate overnight at room 

temperature, and a fluorescence spectrum of each solution taken, upon excitation at 350 nm. The 

results obtained with anthracene, shown in Figure 4-2 and Figure 4-3, were promising, with a 

linear increase in the fluorescence emission signal for anthracene as the concentration of 

amine-terminated PAMAM dendrimer was increased, indicating that more anthracene was being 

brought into solution as the dendrimer was added. This result, although encouraging, may also 

have been influenced by the slight change in the solvent composition as larger quantities of 

dendrimer stock solution were added (since dendrimer stock solutions are made up in methanol), 

with a concomitant reduction in solvent polarity. Moreover, higher generations of PAMAM 

dendrimer caused proportionally greater quantities of anthracene to dissolve from the thin film 

into solution (see Figure 4-2, right) Once again, a slightly larger amount of MeOH was added in 

with the larger dendrimers: therefore these conditions could not yet confirm that the observed 

effect was completely due to the polymer.  
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Figure 4-2 Left: Representative fluorescence spectra of anthracene brought into solution from a 

thin film in buffered water (pH = 7.4 using 50 mM HEPES) as a function of increasing 

concentration of G4 amine-terminated PAMAM dendrimer. Right: Comparing fluorescence 

emission profiles for anthracene as a function of increasing concentration of G3-G5 PAMAM 

added; the black solid lines were obtained from linear regression analysis (ɚexc. = 350 nm, 
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ɚem. = 404 nm; total deposited anthracene = 1.12 ɛmoles). The corresponding fluorescence 

emission spectra with G3 and G5 PAMAM dendrimers are presented in Figure 4-3. 
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Figure 4-3 Fluorescence spectra for anthracene brought into solution from a thin film in H2O 

buffered to pH 7.4 with 50 mM HEPES as a function of increasing concentrations of G3 

PAMAM (left) and G5 PAMAM (right) dendrimers (ɚexc. = 350 nm, total deposited 

anthracene = 1.12 µmol). 

Pyrene was used as a second fluorescent probe with unique and well-known emission 

characteristics. Specifically, pyrene is known to form excited-state dimers (excimers) when 

concentrations are high enough to permit an excited-state pyrene to come into close proximity 

with another ground-state molecule.166 In water, however, the natural solubility of pyrene in 

neutral buffered water is too low for free pyrene in solution to exhibit excimer emission under 

the experimental conditions outlined above. Therefore, observation of the pyrene excimer 

species centered at (ɚem. = 470 nm) in the presence of PAMAM dendrimers would be a direct 

indication that pyrene molecules have been forced into closer proximity through binding to the 

dendrimer; in other words, it would be direct evidence of binding multiple pyrene molecules to 

the polyelectrolyte. 

Thin-film dissolution experiments were conducted for pyrene according to the same 

procedure previously described for anthracene. As G3-G5 PAMAM dendrimer was added, a 

noticeable excimer band was formed in the fluorescence emission spectrum, upon excitation at 
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338 nm, which was otherwise not observed for free pyrene in water solution without the 

dendrimer. Moreover, the intensity of the excimer band was linearly dependent on the PAMAM 

concentration, with a more pronounced dependence for higher generations of PAMAM. These 

results for pyrene, presented in Figure 4-4 and Figure 4-5, display a clear emergence of the 

excimer band, which strongly supported the hypothesis that the increase in fluorescence emission 

signal of PAH was due to supramolecular complex formation between PAH and dendrimer, 

leading to a net increase in PAH solubilization in water. In this context, pyrene is a particularly 

useful ñdual-channelò probe: its monomer emission, around 390 nm, reports on the concentration 

of free pyrene in solution; as shown in Figure 4-4 and Figure 4-5, this concentration is controlled 

by the probeôs thermodynamic dissolution equilibrium so its monomeric emission signal changes 

minimally with added dendrimer concentration, since solid pyrene is still present on the walls of 

the experimental vessel. On the other hand, the excimer emission at 470 nm reports on the 

amount of pyrene bound to the dendrimer, whose molecules are forced closer together, enough 

for excited-state complexes to form.; this emission signal increases markedly with the addition of 

dendrimer hosts, with the slope of this increasing trend being a measurement of the relative 

ñloading capacityò of each dendrimer generation. 
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Figure 4-4 Left: Representative fluorescence emission spectra of pyrene brought into solution 

from a thin film in buffered water (pH = 7.4 using 50 mM HEPES) as a function of increasing 

concentration of G4 amine-terminated PAMAM dendrimer. Right: Profiles of the normalized 

fluorescence emission of pyreneôs excimer as a function of increasing concentration of G3-G5 

PAMAM (ɚexc. = 338 nm, ɚem. = 470 nm; total deposited pyrene = 1.07 µmol). The 

corresponding fluorescence emission spectra with G3 and G5 PAMAM dendrimers are presented 

in Figure 4-5. 
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Figure 4-5 Fluorescence spectra of pyrene brought into solution from a thin film in H2O buffered 

to pH 7.4 with 50 mM HEPES as a function of increasing concentrations of G3 PAMAM (left) 

and G5 PAMAM (right) dendrimers (ɚexc. = 338 nm, total deposited pyrene = 1.07 µmol). 

Based on our groupôs previous experience with the polyelectrolytes with hydrophilic 

guests,156 it was proposed that the most important interactions responsible for the observed 

effects with anthracene were cation-  ́or CH-  ́interactions between the aromatic anthracene and 

positively charged ammonium groups at the dendrimerôs surface, rather than interactions 
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between the non-polar hydrocarbon guest and the hydrophobic interior of the dendrimer. These 

interactions were responsible for hydrocarbon uptake into a complex with the polymer, which in 

turn caused the further dissolution of anthracene from the thin film reservoir, as required by 

anthraceneôs natural dissolution equilibrium in water. However, ionic strength of the solution 

from added polyelectrolytes was also considered as a possible cause for the increase in 

anthraceneôs emission. However, higher electrolyte concentrations are known to decrease the 

solubility of anthracene and other aromatics in aqueous solutions,170-171 which would, in fact, 

lower the observed emission signal, and yet in this experiment, an increase in that signal was 

observed. 

Preliminary results confirmed that an increase in ionic strength alone would not enhance 

PAH fluorescence by repeating the same experiment using a polyanionic carboxylate-terminated 

PAMAM dendrimer. Such carboxylate terminated dendrimers are referred to as 

ñhalf-generationò PAMAM (e.g. G4.5 is the carboxylate-terminated, negatively charged 

equivalent of the amine-terminated polycationic G5). The similarly sized polycarboxylate 

PAMAM G3.5 and polyammonium G4 dendrimers were both probed using anthracene and 

pyrene under the same experimental conditions described above. Although they have opposite 

charges, the two dendrimers represent similar generations and are otherwise comparable in 

structure, size, and mass (64 surface groups; 14.2 kDa and 12.9 kDa for G4 and G3.5, 

respectively). The results, shown in Figure 4-6, indicated that the presence of G3.5 PAMAM 

dendrimer caused a decrease in anthraceneôs emission signal, attributed to the increased ionic 

strength in solution, which caused the amount of free anthracene in solution to decrease by 

changing the properties of the bulk solvent. For anthracene, these observations were a 
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completely opposite from those made with G4 PAMAM, whose emission clearly increased in the 

presence of this dendrimer (Figure 4-2). 

On the other hand, similar experiments with pyrene displayed similar quenching 

behaviors when pyrene saturated solutions were exposed to either cationic G4 vs. anionic G3.5 

(Figure 4-6, right), indicating that the peripheral functional groups on the dendrimers were less 

involved in their interaction with pyrene to these dendrimers and, at the same time, that the 

hydrocarbon is bound in a position more accessible to the tertiary amine quenchers, found within 

the inner layers of these dendrimers. Taken together, the preliminary results provided by Dr. 

Steelman suggested that the main driving force for the binding of pyrene to these dendrimers was 

likely hydrophobic interactions, instead of the cation/CH-ˊ interactions hypothesized for 

anthracene. In fact, such charge/polar-ˊ interactions in these systems are limited to the region of 

the dendrimer near the surface, exposed to the solvent, where the charged ammonium ions 

participating in these interactions are found.172 
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Figure 4-6 Thin film experiments of anthracene (left) and pyrene (right), comparing the 

effectiveness of positively (G4) and negatively (G3.5) charged poly(amidoamine) (PAMAM) 

dendrimers ([Gn] = 0.10 mM for anthracene experiment, [Gn] = 0.23 mM for pyrene 

experiment). The emission spectrum from a saturated solution of free PAH is included as a 

reference. All measurements were conducted in H2O solution buffered to pH 7.4 in 50 mM 

HEPES (total deposited anthracene = 16.9 µmol, pyrene = 5.24 µmol; anthracene ɚexc. = 350 nm; 

pyrene ɚexc. = 338 nm). 
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4.2 Strict control of bulk solution properties 

As mentioned in the introductory section, because PAMAM stock solutions are made up 

in MeOH and have different concentrations for each generation, increasing the concentration of 

PAMAM also resulted in an unwanted and concomitant increase in concentration of MeOH in 

the bulk solution, which may skew the reported results. To confirm that anthracene uptake was 

not a simple side-effect of the reduction in solution polarity caused by the MeOH, the same thin 

film dissolution experiments were carried out a constant concentration of G3-G5 dendrimer after 

adjusting the MeOH concentration in each solution to the same value, thereby eliminating any 

bulk solvent polarity effect. Results from these experiments are presented in Figure 4-7. For 

anthracene, an increase in fluorescence emission was observed, which strongly suggests 

anthracene binding and uptake by the dendrimer. For pyrene, on the other hand, an opposite 

trend was observed; i.e. there is a noticeable reduction of pyreneôs emission in the presence of 

the PAMAM dendrimer. Furthermore, the excimer emission signal was no longer visible in these 

conditions. 
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Figure 4-7 Fluorescence emission spectra of anthracene (left) and pyrene (right) solution in 

equilibrium with a thin film of the respective solid in H2O buffered to pH 7.4 with 50 mM 

HEPES in the presence of a constant concentration of dendrimer and methanol ([Gn] = 0.10 mM, 
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7.2% MeOH; total deposited anthracene = 1.90 µmol, pyrene = 1.56 µmol; anthracene 

ɚexc. = 350 nm, pyrene ɚexc. = 338 nm). 

These results of thin film experiments with solutions that have the same solvent 

composition indicated that further investigation was needed to determine the modes of 

interaction of these cationic dendritic hosts with hydrophobic aromatics, including PAHs. We 

therefore turned to steady-state fluorescence anisotropy, time-resolved fluorescence 

measurements, and selective quenching experiments to probe the location and mode of binding. 

4.3 Fluorescence anisotropy 

Fluorescence anisotropy experiments were conducted to confirm binding of the PAH 

probes to cationic PAMAM dendrimers. If bound to the larger dendrimer, the PAH probeôs 

anisotropy signal was expected to increase relative to that of the free small-molecule 

fluorophore. Free rotation of small molecules in solution occur about 2 orders of magnitude 

faster than the intrinsic fluorescence lifetime of the PAH fluorescent probes used here. Thus, 

these small fluorophores will have isotropic polarization of their fluorescence emission, when 

free in solution and excited by plane polarized light (i.e. this will give a low anisotropy signal). 

However, the rotational diffusion rate of the complex formed by these fluorescent probes upon 

binding to the much larger PAMAM macromolecule is dominated by the slower tumbling rate of 

the larger host, resulting in higher anisotropic polarization of the fluorescence emission of the 

complex (i.e. a higher anisotropy signal will be observed). 

Thin film dissolution experiments were carried out at a constant G3-G5 PAMAM 

concentration ([Gn = 0.1 mM). Four 1 cm quartz cuvettes were prepared containing a thin film of 

each PAH probe, obtained by evaporation a hexanes solution as described in the previous 

section; each cuvette was filled to a constant volume with buffer and a calculated amount of 
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G3-G5 dendrimer stock solution in methanol was added to each cuvette to achieve 

[dendrimer] = 0.10 mM. Once again, care was taken to ensure that each cuvette solution 

contained the same percent volume of methanol (7.2% MeOH in this experiment). We also 

ensure that the dendrimer concentration was low enough to prevent interference from the 

PAMAM dendrimersô weak intrinsic emission,173-175 which may interfere with anisotropy 

measurements. As shown in Figure 4-8 smaller G3 and G4 PAMAM dendrimers display weak 

intrinsic fluorescence emission at relatively high concentrations, upon excitation at 338 nm. 

 

Figure 4-8 Intrinsic fluorescence emission spectra of PAMAM dendrimers upon excitation at 

338 nm: families of fluorescence emission spectra of a water solution buffered to pH 7.4 with 

50 mM HEPES, upon the addition of (a) G3 PAMAM (0-1.90 mM) and (b) G4 PAMAM 

(0-0.12 mM) dendrimers. 

Based on these results, it was apparent that, at millimolar concentrations, these lower 

generation PAMAM dendrimers contribute a significant portion of their emission signal in the 

region where the PAH probesô emission is found. Due to their size, the macromoleculeôs 

emission would be highly polarized, interfering with the determination of fluorescence 

anisotropy of the PAH probes by artificially increasing the fluorescence polarization signal. 

Results from the first, potentially flawed, fluorescence anisotropy experiments using high G3 

PAMAM concentrations are displayed in Figure 4-9. These exhibited a noticeable increase in 
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anisotropy signal for both PAHs with increasing dendrimer concentration, reaching saturation at 

relatively high [G3 PAMAM], in the millimolar range, where G3 PAMAM contributes 

significantly to the overall emission signal. Thus, it was unclear how much of the observed 

anisotropy signal came from the bound PAH vs. the dendrimer itself using this method. 

 

Figure 4-9 Fluorescence anisotropy of (a) anthracene at 404 nm (black) and 426 nm (red) and 

(b) pyrene at 374 nm (black), 394 nm (red), and 430 nm (blue), upon the addition of G3 

PAMAM dendrimer. All measurements were conducted in water buffered to pH 7.4 with 50 mM 

HEPES (anthracene ɚexc. = 350 nm; pyrene ɚexc. = 338 nm). 

To overcome this problem, thin film dissolution experiments were modified to use a 

constant low dendrimer concentration. These modified conditions guaranteed that emission from 

the dendrimers would be negligible and it would not interfere with the measurement of the 

anisotropy of PAH probes themselves, ensuring that a high anisotropy signal could be safely 

ascribed to the bound fluorophore probe bound to the dendrimer. 

Once the four thin film experimental cuvettes were prepared for each PAH, the solutions 

were stored at room temperature overnight to reach equilibrium, as described previously in this 

chapter. Multiple anisotropy measurements were then taken for each cuvette, with the results 

presented in Figure 4-10. For both fluorescent probes, anthracene and pyrene, there is a clear 

increase in fluorescence anisotropy going from free PAH to higher PAMAM dendrimer 
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generations (G3 to G5). The observed trend provided further evidence that each PAH probe was 

bound to the dendrimer. This increasing trend in anisotropy of each PAH probe with G3 vs. G4 

vs. G5 PAMAM dendrimers agrees with expectation; the larger higher generation PAMAM 

dendrimers can accommodate more PAH guest molecules, increasing the fraction of total PAH 

that is bound to the polymer, which causes a corresponding increase in fluorescence anisotropy 

signal. 
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Figure 4-10 Fluorescence anisotropy data for anthracene (left) and pyrene (right), with constant 

concentration of G3-G5 PAMAM dendrimer ([Gn] = 0.1 mM). Each solution contained buffered 

H2O (pH = 7.4 with 50 mM HEPES) and 7.2% MeOH by volume (anthracene ɚexc. = 350 nm, 

pyrene ɚexc. = 338 nm). 

The relatively low absolute values of the measured anisotropy signal for both PAH 

probes are likely due to the presence of free probe in solution, dissolved from the thin film 

deposited on the cuvetteôs walls according to its solubility equilibrium. The small unbound 

fluorophore probes themselves have a very low anisotropy signal, and since the solutionôs overall 

anisotropy is an average over all emitting forms of each probe, weighted by their molar fractions. 

Thus, the relatively high proportion of unbound probe in solution, with its low anisotropy signal, 

considerably depresses the ensemble average reading. It is also noteworthy that, 

counterintuitively, the anisotropy signal for the smaller anthracene probe is higher than the 
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slightly larger pyreneôs anisotropy signal. This can be attributed to either tighter binding for 

anthracene than for pyrene, which increases the fraction of anthracene bound overall, increasing 

its relative contribution to the anisotropy signal; to the possibility of different degrees of internal 

mobility in each probeôs complex, with pyrene having more freedom to move even while bound; 

or, ultimately, to a higher intrinsic anisotropy of anthracene vs. pyrene.166,176-178 Fortunately, the 

absolute value of the anisotropy signal is not important here, but the trends are, and the 

information gleaned from these experiments also supports tight binding of these hydrocarbon 

probes to the PAMAM cationic polyelectrolytes. 

4.4 Time-resolved fluorescence 

Fluorescence lifetime determinations were carried out on the complexes of these PAH 

probes with G3-G5 PAMAM dendrimers as well. Four cuvettes were prepared and equilibrated 

overnight with an equal concentration of PAMAM dendrimer for each generation 

([Gn] = 0.10 mM), as outlined in previous sections. Time-resolved fluorescence measurements 

were then conducted to determine the fluorescence emission lifetimes of the PAH probes with 

and without the dendrimer. The exponential decay profiles for both PAHs with G3-G5 PAMAM 

dendrimers are displayed in Figure 4-11. Fitting of the decay profiles for both PAHs was 

achieved using a tri-exponential decay model (eq. 2). Indeed, fitting decay profiles of simple 

PAHs to a multi-exponential decay in water solution is not uncommon; in fact two emitting 

species are often observed, corresponding to the free PAH (shortest lifetime) and a hydrate 

aggregate cluster species (typically longer-lived);179-182 these PAH probes in particular also have 

the potential for excimer and exciplex formation, emitting species with significantly longer 

lifetimes.166 
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For anthracene, contributions were ascribed to two shorter-lived emitting species and one 

longer-lived one, although the latter had a significantly smaller contribution to the overall 

emission (ca. 1%, Table 4-1). Upon addition of dendrimer, little change was observed in the 

excited state lifetimes of the two shortest-lived contributors to the overall fluorescence emission 

(i.e. free anthracene in solution and its hydrated aggregate, respectively), suggesting that the 

dendrimer was incapable of acting as a dynamic (i.e. collisional) quencher of free anthracene in 

solution. The contribution of the longer-lived emitter increased somewhat in the presence of 

dendrimer, but its lifetime was the most significantly reduced of the three. 

Anthracene

Time (ns)

5 10 15 20 25 30

C
o
u
n
ts

 /
 a

.u
.

0.0

0.2

0.4

0.6

0.8

1.0 Instrument Response (IRF)

Free Anth.

G3

G4

G5

Pyrene

Time (ns)

40 60 80 100 120 140

C
o
u
n
ts

 /
 a

.u
.

0.0

0.2

0.4

0.6

0.8

1.0 Instrument Response (IRF)

Free Pyr.

G3

G4

G5

 

Figure 4-11 Time-resolved fluorescence decay profiles for anthracene (left) and pyrene (right) 

with constant concentrations of G3-G5 PAMAM dendrimer ([Gn] = 0.10 mM, 7.2% MeOH by 

volume in H2O solution buffered to pH 7.4 with 50 mM HEPES). 

Table 4-1 Time-resolved fluorescence decay parameters from tri-exponential fittings of the 

emission decay profile data for anthracene and pyrene in Figure 4-11 ([Gn] = 0.1 mM). 

Gn Ű1 (ns) Ű2 (ns) Ű3 (ns) % 1 % 2 % 3 

Free Anth. 3.36 ± 0.03 7.41 ± 0.04 28 ± 1 38 61 1 

G3 3.06 ± 0.03 6.93 ± 0.04 21.4 ± 0.6 34 64 2 

G4 2.75 ± 0.03 6.59 ± 0.04 18.7 ± 0.5 30 67 3 

G5 2.86 ± 0.03 6.66 ± 0.04 20.2 ± 0.5 36 61 3 
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Free Pyr. 10.1 ± 0.1 29.1 ± 0.2 101.7 ± 0.4 21 56 23 

G3 8.2 ± 0.1 28.0 ± 0.2 91.1 ± 0.4 18 62 20 

G4 7.80 ± 0.09 27.0 ± 0.2 86.5 ± 0.4 20 59 21 

G5 8.0 ± 0.1 27.0 ± 0.2 79.5 ± 0.4 20 59 21 

Contrary to anthracene, pyreneôs longest-lived component with an excited state lifetime 

around 80-100 ns (Table 4-1), corresponding to the excimerôs emission, provided a much greater 

relative contribution, consistent with our observations in steady-state fluorescence emission 

experiments. It is interesting to note, however, that in these conditions the longer-lived excimerôs 

contribution is evident even in the absence of the dendrimers. Among the monomer lifetime 

components, the shorter-lived species for pyrene displayed a greater decrease in their lifetimes 

(Ű1 and Ű2) upon interaction with PAMAM than anthraceneôs, albeit the overall change in lifetime 

was relatively small for both PAH probes. Nevertheless, the more pronounced decrease in 

pyreneôs emitter lifetimes with the dendrimers suggests that the dynamic quenching effects are 

more prominent for pyrene; this is consistent with our previous observations of pyreneôs 

steady-state emission (Figure 4-7). 

Overall, the decay profiles for each PAH probe in the presence of [PAMAM]  = 0.10 mM, 

i.e. the same concentration used in the steady-state work described above, were similar across all 

dendrimer generations, shown in Figure 4-11. This is a particularly important observation in the 

case of the pyrene probe, given that pyreneôs emission is quenched in the presence of the 

dendrimer (Figure 4-7), which may suggest adventitious interactions between the dendrimer and 

PAH, leading to collisional quenching. However, pyreneôs excited state lifetime was found to be 

essentially unaffected by the added dendrimer, effectively disproving this collisional quenching 
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possibility and indicating that the observed steady-state quenching was due to the formation of a 

ground-state complex between pyrene and the dendrimer (i.e. static quenching).  

Fluorescence lifetime measurements were also carried out at high concentration of 

dendrimer (0.84 mM) with both PAH probes, to highlight the different behavior of the two 

fluorescent PAH probes upon interaction with the same dendritic host. G4-PAMAM was used 

for this study, representing the mid-point in generation and size among those we selected for this 

work. Indeed, at higher concentrations of G4-PAMAM dendrimer, we observed a much more 

significant change in the decay curve of the free vs. bound species for both PAH probes., as 

shown in Figure 4-12. The corresponding lifetime parameters obtained from a multi-exponential 

fit  (Table 4-2) clearly shows that there is a more substantial decrease in the lifetimes for all 

emissive species at this higher dendrimer concentration; expectedly, pyrene displays the greatest 

change in lifetime compared to anthracene, indicating that pyrene is more susceptible to dynamic 

quenching with these dendrimers. We hypothesize that this is indicative of its more interior 

position within the hydrophobic core of these dendrimers upon binding, which leaves it more 

susceptible to dynamic quenching by the dendrimerôs internal tertiary amines. Given these 

results, we tested our hypothesis further by conducting selective quenching experiments to more 

directly probe the location of these PAH fluorophores when bound to the dendrimers. 
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Figure 4-12 Fluorescence emission decay profiles for anthracene (left) and pyrene (right) with 

and without G4 PAMAM dendrimer (gold and red lines, respectively; [G4] = 0.84 mM). Each 

solution contained 15% MeOH by volume in H2O solution buffered to pH 7.4 with 50 mM 

HEPES. 

Table 4-2 Time-resolved fluorescence decay parameters from tri-exponential fitting of the 

emission decay profiles for anthracene and pyrene in Figure 4-12 ([Gn] = 0.84 mM). 

 Ű1 (ns) Ű2 (ns) Ű3 (ns) % 1 % 2 % 3 

Free Anth. 3.31 ± 0.03 7.33 ± 0.05 24 ± 1 36 63 1 

G4 + Anth. 1.86 ± 0.02 5.88 ± 0.04 13.6 ± 0.2 27 65 8 

Free Pyr. 10.1 ± 0.2 29.3 ± 0.3 107.7 ± 0.4 18 52 30 

G4 + Pyr. 3.16 ± 0.05 15.5 ± 0.2 38.8 ± 0.2 19 43 38 

 

4.5 Selective quenching experiments 

The experimental results discussed so far strongly suggest distinct interaction modes 

between each of the two hydrophobic fluorescent guests and the polycationic PAMAM hosts. 

Based on the steady-state and time-resolved fluorescence measurements discussed previously, 

the dendrimer is a more effective quencher for pyreneôs fluorescence emission than that for 

anthracene, an effect we ascribe to the positioning of pyrene upon binding to the dendrimerôs 

hydrophobic core, leading to better quenching of the pyreneôs excited state through photoinduced 
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electron transfer from the tertiary amine groups present in the interior of the dendrimer.171 To 

independently probe the location of binding of the anthracene and pyrene fluorophores to the 

dendrimer in support of this hypothesis, we conducted cesium(I) selective quenching 

experiments on complexes of these probes with G3-G5 PAMAM dendrimers. 

If binding of the fluorescent aromatic hydrocarbon probes were driven primarily by 

cation/CH-ˊ interactions, which involve the protonated primary amines of the dendrimer, found 

only at the surface of the macromolecule, then even when bound to PAMAM, the participating 

fluorescent probes would be located close to the dendrimerôs surface, exposed to bulk solution. 

Therefore, a hydrophilic cationic quencher such as Cs+, which would be able to access the 

solvent-exposed surface of the dendrimer, but not its core, should effectively quench the 

fluorescence emission of the PAH even when bound, regardless of the presence of the dendrimer. 

On the other hand, if the PAH probe were encapsulated deeper inside the dendrimerôs 

core upon binding, the Cs+ cationic quencher would be far less likely to reach the fluorophore, 

due to electrostatic repulsion between the positively charged ammonium groups and the Cs+ ions, 

leading to considerably less effective quenching of the PAH fluorophore in the presence of 

dendrimer vs. in its absence (see Scheme 4-3). Similar experiments have been conducted to study 

PAH interactions with various quenching agents in the presence of carboxylate-terminated 

PAMAM dendrimers.183-184 
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Scheme 4-3 A representation of the possible interaction modes between Cs+ with a 

surface-bound PAH probe (left) vs. an internally encapsulated probe (right). Given the 

polycationic nature of the amine-terminated PAMAM dendrimers at neutral pH, PAHs inside the 

dendrimer would be more effectively shielded from the fluorescence quenching effect of Cs+ 

cations. 

For these titrations, a saturated solution of each PAH probe in buffered water containing 

a constant amount of MeOH (7.2% MeOH by volume) was prepared using the same method 

from the thin film experiments described above and added to a clean 1 cm quartz cuvette for 

titration with Cs+. Separately, a CsCl titrant solution was prepared in the same solvent system. 

Aliquots (25-100 µL) of this solution were then added to each cuvette and steady-state 

fluorescence emission measurements were taken after each addition. The resultant profiles of 

emission intensity at the wavelength of maximum emission for the monomer form of each PAH 

(404 nm for anthracene and 394 nm for pyrene) vs. increasing [Cs+] are presented in Figure 4-13. 

The results clearly show that larger, higher generation PAMAM dendrimers more effectively 

protect pyreneôs excited state from quenching by added Cs+ ions. Anthracene also displayed a 

similar trend with increasing PAMAM generation, albeit to a lesser extent. In accordance with 

our hypothesis, these results indicate that anthracene binds preferentially to the exterior of the 
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dendrimer, likely through cation-  ́or CH-  ́interactions, whereas pyrene is encapsulated within 

the hydrophobic confines of the dendrimer. This difference is particularly pronounced for the 

larger G4 and G5 dendrimers. 
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Figure 4-13 Stern-Volmer plots for anthracene (left) and pyrene (right) containing equal 

concentrations of G3-G5 PAMAM dendrimer ([Gn] = 0.10 mM), upon the titration of CsCl. All 

measurements were conducted in a solution containing 7.2% MeOH by volume in H2O buffered 

to pH 7.4 with 50 mM HEPES (anthracene ɚexc. = 350 nm, pyrene ɚexc. = 338 nm). 

We repeated the Cs+ quenching experiments at higher G4 PAMAM concentrations used 

above for fluorescence lifetime experiments The CsCl titrant solution was prepared using equal 

H2O:methanol ratios as the cuvettes (75% H2O:15% MeOH by volume, buffered to pH 7.4 with 

50 mM HEPES). Fluorescence emission spectra were taken after each addition of aliquots 

(25-100 µL) of this CsCl titrant solution. The results from these titrations are presented in 

Figure 4-14. Based on these plots, it is apparent at this higher dendrimer concentration that 

pyrene was completely shielded from the quenching effects of Cs+ ions. On the other hand, the 

higher G4 PAMAM concentration did not reduce the quenching of anthracene by Cs+ ions; in 

fact, the anthracene probe displayed essentially no difference in the presence of the lower and 

higher G4 PAMAM dendrimer concentrations used in this study (i.e. [G4 PAMAM] = 0.10 vs. 

0.84 mM). 
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Figure 4-14 Stern-Volmer plots for anthracene (left) and pyrene (right), upon the titration of 

CsCl in the presence (gold squares) vs. absence (red circles) of G4 PAMAM dendrimer 

([G4] = 0.84 mM). All measurements were conducted in a solution containing 15% MeOH by 

volume in H2O buffered to pH 7.4 with 50 mM HEPES (anthracene ɚexc. = 350 nm, pyrene 

ɚexc. = 338 nm). 

These results for two fluorescent aromatic hydrocarbon probes, pyrene and anthracene, 

display interestingly different trends in their binding modes to amine-terminated PAMAM 

dendrimers, both as a function of the dendrimer generation and concentration. This strongly 

suggests that pyrene is encapsulated deep within the polymer upon binding, whereas anthracene 

is bound closer to the dendrimer surface, at the interface with the bulk solution; there it interacts 

with the protonated termini, presumably through cation-ˊ or CH-ˊ interactions. These binding 

preferences are interesting and quite distinct, considering the similar chemical structure and 

properties of these relatively featureless hydrophobic aromatic molecules. 

4.6 Conclusions 

Poly(amidoamine) (PAMAM) dendrimers were proven to be capable of binding 

featureless polycyclic aromatic hydrocarbons (PAHs). By taking advantage of the probeôs 

intrinsic fluorescence emission properties, a series of fluorescence-based experiments were 

carried out to investigate the extent to which these polymers can be envisioned as supramolecular 
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hosts for such hydrophobic hydrocarbons in aqueous media, expanding on Dr. Steelmanôs 

preliminary findings that these macromolecules exhibited enhanced affinity for guests containing 

aromatic moieties over their aliphatic counterparts.156 In particular, we were also interested in 

establishing a baseline for Dr. Steelmanôs initial observations, using PAMAM dendrimer hosts 

for improved water solubility of this class of compound, possibly concentrating them out of 

solution, with an attention to future applications in sensing and remediation. 

Fluorescence anisotropy experiments positively confirmed that spectral changes observed 

upon the interaction of these small-molecule fluorescent probes with PAMAM dendrimers in 

water stem from binding through a telltale increase in anisotropy signal upon addition of 

PAMAM, which was also sensitive to the macromoleculesô size (generation). Time-resolved 

fluorescence emission experiments were also conducted, resulting in a greater change in lifetime 

for pyrene upon interaction with PAMAM, which was ascribed to pyreneôs deeper encapsulation 

within the dendrimer upon binding, and thus, in closer proximity to the tertiary mine groups in 

the PAMAM structure, known to be effective dynamic quenchers for simple aromatic 

fluorophores. 

The hypothesis of different binding locations for anthracene vs. pyrene was probed using 

selective quenching experiments with hydrophilic Cs+ which, although an effective quencher, 

could only access the solvent-facing surface of the PAMAM dendrimer. The results from these 

experiments confirmed that anthracene was quenched more effectively by Cs+, independent of 

dendrimer generation and concentration, whereas pyreneôs emission was significantly less 

affected by Cs+ ions for higher dendrimer generation and concentration. This was convincing 

evidence for the different binding modes and binding locations of these PAH probes to PAMAM 
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dendrimers. General considerations also indicate that these results should also apply to further 

members of this family of compounds. 

In summary, our results suggest that these dendrimers offer interesting and varied binding 

modes for poorly water-soluble hydrocarbons in neutral water solution. The different binding 

modes observed for these two PAHs alone warrant further exploration into similar dendritic 

interactions with other PAH ring systems and chemical structures. This work opens the door to 

PAMAM dendrimersô further use as supramolecular hosts for otherwise featureless aromatic 

guests. Future work will also aim at understanding the exact nature of these interactions, e.g. 

between anthracene and PAMAM dendrimers (i.e. cation-ˊ vs. CH-ˊ interactions). These 

properties bode well for the development of pattern-based chemical fingerprinting systems for 

such polycyclic aromatic hydrocarbons, whose toxicological and environmental importance, 

which varies significantly within their family, make them valuable analytical targets for 

differentiation and quantitation attempts. Furthermore, the differential binding features of these 

PAHs, outlined in this chapter, can be exploited for many other applications, such as chemical 

separation and applications in controlled delivery of poorly water-soluble active ingredients. 

4.7 Experimental details 

4.7.1 Materials  

Amine-terminated poly(amidoamine) (PAMAM) dendrimers with 1,2-diaminoethane 

(ethylenediamine, en) core were manufactured by Dendritech, Inc. and purchased from 

Sigma-Aldrich as methanol solutions at different concentrations depending on the dendrimer 

generation. Dendrimer solutions were stored at 4°C in a refrigerator. For each dendrimer 

generation, all experiments were carried out using the same batch (lot number) of dendrimer. 

Anthracene and pyrene were purchased from Sigma-Aldrich and used as received. 
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2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) was purchased from ICI 

Scientific. All experiments were carried out using a 50 mM HEPES aqueous solution buffered to 

pH 7.4, prepared by adding an appropriate amount of HEPES free acid to deionized (DI) water; 

the pH was then adjusted to 7.4 by adding 1.0 M NaOH as needed and monitoring with a 

combined glass electrode, then bringing up to volume. The HEPES concentration was diluted 

slightly (to between 40-50 mM), depending on the amount of PAMAM dendrimer stock solution 

(in MeOH) that was added to each cuvette. 

4.7.2 Instrumentation  

All experiments were conducted at 25°C, using an external circulating water bath. 

Steady-state fluorescence measurements were conducted with an ISS PC1 spectrofluorimeter. 

Excitation was carried out using a broad-spectrum high-pressure xenon lamp (CERMAX, 

300W). Excitation correction was performed through a rhodamine B quantum counter with a 

dedicated detector. For anthracene, excitation was performed at 350 nm; for pyrene at 338 nm. 

Emission was recorded over a wavelength range of 370-600 nm for anthracene and 360-600 nm 

for pyrene. Excitation and emission wavelength selection were carried out by 

computer-controlled monochromators with manual slits for wavelength resolution control (for 

anthracene: 8 nm bandwidth for excitation, 4 nm for emission; for pyrene: 8 nm bandwidth for 

excitation, 2 nm for emission). Detection was through a Hamamatsu red-sensitive PMT. 

Computer-controlled high-aperture Glan-Thompson calcite polarizers were used in the excitation 

and emission channels to measure steady-state fluorescence anisotropy. 

Fluorescence lifetimes were measured with an Edinburgh Photonics Mini-Tau 

time-resolved fluorometer using the time-correlated single photon counting technique (TC-SPC). 

Samples were excited by a picosecond-pulsed LED emitting at 310 nm (EPLED series) with a 
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pulse width of 900 ps. For experiments with anthracene and pyrene, a pulse repetition rate was 

set to 2 MHz and 0.5 MHz, respectively. Control of the excitation power was achieved through a 

continuously variable neutral density filter wheel to collect 2-3% excitation photons per second. 

A long-pass filter with a 450 nm cut-on wavelength was used for emission selection. Photons 

were detected by a high-sensitivity photomultiplier tube over a time range of 200 ns (for 

anthracene) and 1 µs (for pyrene). Decay curves were accumulated for 180 s (3 min.) and the 

resultant decay data was fit using the multi-exponential iterative reconvolution fit in the 

Edinburgh T900 software. 

4.7.3 Thin film experimental setup 

Stock solutions of anthracene and pyrene were prepared by adding about 25 mg of solid 

fluorophore to 25 mL of hexanes. Aliquots (200-300 µL) of fluorophore stock solution were 

transferred to a 1 cm quartz cuvette and the hexanes was carefully blown off via nitrogen stream. 

Care was taken so that the deposition of PAH was below the position of the impinging optical 

beam of the spectrofluorimeter. Aliquots of water buffered to pH 7.4 with 50 mM HEPES were 

then added to cuvettes containing the deposited solid PAH, followed by an appropriate aliquot of 

dendrimer stock solution in methanol. At this point, any deviation from pH 7.4 was corrected by 

adding a small amount of ~1 M HCl (ca. 3-7.5 µL) before filling to volume (3.0 mL) with more 

HEPES, to give [PAMAM] = 0.10 mM or 0.84 mM, depending on the experiment. Each cuvette 

was then sealed tight with Parafilm and stored in the dark at room temperature overnight, letting 

each solution reach dissolution equilibrium. The cuvettes were then subjected to steady-state 

fluorescence emission, time-resolved fluorescence lifetime, and fluorescence anisotropy 

measurements. 
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For Cs+ quenching experiments, the supernatant from each equilibrated cuvette was 

removed and added to a clean 1 cm quartz cuvette. A stock solution of cesium chloride was 

prepared separately by adding the solid salt to 5 mL HEPES buffer, to give a ca. 0.35 M solution. 

The Cs+ titrant solution was made by taking an aliquot of the CsCl stock solution (about 1 mL), 

adding to HEPES buffer, and then filling to volume with appropriate amounts of buffer and 

methanol to achieve the same content of MeOH as the cuvette solutions (% by volume). Small 

aliquots of this Cs+ titrant solution were added to the cuvette, and a fluorescence emission 

measurement taken after each addition (excitation at 350 nm for anthracene; at 338 nm for 

pyrene). 



 

121 

 

CHAPTER 5 

 

ARRAY SENSING OF OPTICALLY DENSE COMPOUNDS  USING THE 

INNER -FILTER EFFECT

 

5.1 Introduction 

In the previous chapter, we discussed the interactions between polycyclic aromatic 

hydrocarbons (PAHs) with poly(amidoamine) (PAMAM) dendrimers. The systems discussed 

there have applications in hydrophobic solubilization and drug dissolution and delivery.149,185-186 

Moreover, these findings pave the way for interesting applications in separation science, such as 

these polyelectrolytesô preferential affinity of aromatic compounds over aliphatics.156 However, 

the driving force for differentiation, i.e. cation-ˊ interactions are relatively weak, and they are 

likely not selective enough for sensing of unmodified PAHs. Chemical sensing of these 

uncharged, non-polar, and relatively featureless compounds represents a major challenge. 

Specialized techniques such as liquid and gas chromatography (LC and GC), and capillary 

electrophoresis are commonly used for PAH separation and detection.187-192 These methods often 

require complex sample preparation (i.e. extraction and analyte pre-concentration), specialized 

equipment and personnel, and extra time for sample transport and processing to a lab facility. 

Therefore, significant problems in environmental science, such as source, environmental 

transport modes, and exposure tracing are complicated by the lack of effective in situ detection 

methods for these powerful pollutants. 

While several PAH receptors have been reported, such as cyclodextrins (CDs),193 

calix[n]arenes,194 and cationic cyclophanes,195 their affinity and selectivity are highly dependent 
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on the size and shape of their non-polar cavity. Any one receptor would be selective, at best, for 

only a few specific PAHs of a given size. Achieving high discriminatory power for many PAHs 

would require a series of specialized distinct hosts, operated in parallel. Instead of using the 

subtle structural differences of simple PAHs (mass, polarity, size), more distinctive optical 

properties of each PAH could be more easily leveraged for discrimination. In particular, 

fluorescent conjugated polymer scaffolds used in Chapter 3 were selected as excellent candidates 

thanks to their high sensitivity to environmental conditions and bright fluorescence. In general, 

fluorescent sensors based on conjugated polymers operate through analyte- and 

aggregation-induced phenomena outlined previously, which serve to manipulate exciton 

migration and modulate the fluorescence response.69-70 As a complement to typical fluorescent 

conjugated polymer probes that require polymer-analyte interactions via molecular recognition 

elements along the polymer backbone, the inner filter effect (IFE) was proposed as an alternative 

approach. The inner filter effect, typically considered a drawback in fluorescence studies, 

generates a reduction of a target fluorophoreôs emission signal, caused by the absorption of light 

by another chromophore in solution, either by preventing incident photons from exciting the 

target fluorophore (primary IFE, pIFE), or by absorbing the fluorophoreôs emitted light 

(secondary IFE, sIFE).196  

In this chapter, the IFE is demonstrated, in combination with conjugated polymer-based 

array sensing, as an effective approach for the discrimination of 16 PAH compounds listed as 

priority pollutants by the Environmental Protection Agency (EPA).197 To this end, a series of 

neutral conjugated polymers were synthesized, based on the fluorene co-polymer scaffolds used 

previously in our metal ion detection work (Chapter 3). To provide the greatest spectral overlap 

with the target PAH analytes allowing for an optimal IFE, specific optical modifiers were added 
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to the polymer backbone. This system takes advantage of intrinsic spectroscopic properties of 

each individual PAH, circumventing the need for specially made receptors for these chemically 

inert, featureless hydrocarbons. Finally, the promising results from this PAH detection work led 

to the development of a comparable detection system based on the IFE and similar conjugated 

polymers for the discrimination of 12 textile azo dyes in water. 

5.2 Polymer design and optical characterization 

The conjugated polymer receptors were prepared by the Azoulay research group from the 

University of Southern Mississippi. Much like the polymeric receptors discussed previously, the 

polymerôs backbone was designed around a common fluorene core with varying conjugated 

spacer groups incorporated in an alternating fashion. Covalently attached to the fluorene was 

either a 2-phenylbenzimidazole optical modifier group or an ethylene glycol group; the former 

group being structurally similar to UV-absorbing agents commonly added to sunscreen and 

offering good spectral overlap between the absorbance of the polymer and PAH analytes. In 

total, six polymers were designed to provide a broad range of distinct structures and optical 

properties (see Scheme 5-1). 
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Scheme 5-1 Chemical structure and synthetic scheme of conjugated polymers, P1-P6, used for 

the detection of PAHs. 

Polymers P1-P4 demonstrate a systematic lengthening of the spacer groups between the 

2-phenylbenzimidazole group and the conjugated polymer backbone, with 5, 6, 8, and 10 

methylene units, respectively, leading to distinct differences in their optical spectra. Polymer P5 

incorporated a thiophene conjugate spacer group, leading to a red-shifted absorbance and 

emission maxima. Finally, P6 was constructed by replacing the optical modifier side group with 

an ethylene glycol group, whose absorption spectrum lacks the higher energy band 

(ɚmax. = 290 nm). The normalized absorption and fluorescence spectra for all six polymers are 

displayed in Figure 5-1. 
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Figure 5-1 Normalized absorbance and fluorescence emission spectra of P1-P6 in DMF. 

As a representative example, polymer P2 exhibits an absorption maximum of 374 nm, 

providing optimal spectral overlap in the regions of maximum absorption for a variety of PAHs, 

in the range of 250-500 nm. Figure 5-2a illustrates this spectral overlap between P2 and 

anthracene, leading to significant observed quenching of the polymerôs emission as anthracene is 

added to P2 (Figure 5-2b). Specifically, anthracene acts as a ñchemical filterò in this case, 

blocking the incident light from reaching the conjugated polymer. Therefore, as more anthracene 

was added, excitation of P2 at 374 nm led to a stark decrease in the polymerôs fluorescence 

emission (ɚem.), centered around 415 nm. 
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Figure 5-2 (a) Overlap between excitation and emission spectra of P2 with the absorbance 

spectrum of anthracene ([anthracene] = 10 µM; [P2] = 15 mg L-1), providing the basis for an 

IFE. (b) Representative fluorescent spectra of P2 (15 mg L-1) upon the titration with anthracene 

([anthracene] = 0-9.4 mM; ɚexc. = 374 nm). All spectra were recorded in N,N-dimethylformamide 

(DMF). 

Several representative PAHs were titrated into P1-P4 to study the effect of each PAH on 

the emission of each polymer. Thus, three PAHs, anthracene, acenaphthylene, and pyrene were 

chosen, representing a range of ring fusion and optical properties (i.e. molar absorptivity and 

position of the absorption maximum) in the family of PAHs. Small but noticeable differences in 

quenching efficiency were observed when polymers P1-P4 interacted with each PAH, suggesting 

that even subtle structural modifications affected the fluorescence response. More dramatic 

differential responses were observed among the PAHs, which can be explained by the 

differences in molar absorptivity for each PAH at a given wavelength. The resultant titration 

profiles and wavelength dependence of the molar extinction coefficients are presented in 

Figure 5-3, in which the polymer emission is quenched differentially by the presence of the 

selected PAHs via the IFE. For instance, at excitation wavelength of 374 nm, anthracene has the 

greatest molar extinction coefficient, and as such, was the most efficient quencher of the three 
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PAHs. In fact, the molar absorptivity values at 374 nm for these PAHs directly correlate with the 

observed degree of quenching. 

 

Figure 5-3 (a) Fluorescence titration profiles of P1-P4 upon the addition of aliquots of 

anthracene, acenaphthylene, and pyrene in DMF (lexc. = 374 nm, lem. = 418 nm). (b) Wavelength 

dependence of molar extinction coefficient for anthracene, acenaphthylene, and pyrene. The 

colors indicate the PAH involved. 

5.3 Evidence for the IFE 

To elucidate the mechanism of fluorescence quenching, a variety of experiments were 

conducted to rule out other possible quenching pathways. As mentioned previously, the 

absorbance spectra of each PAH span a range of wavelengths from 250-500 nm, overlapping 

with the absorbance and emission spectra of P1-P6. This spectral overlap opens the possibility 

for fluorescence resonance energy transfer (FRET),166 or the IFE, both of which are possible 

under these circumstances. To determine the mechanism of quenching for this system, 

fluorescence lifetime measurements were performed for anthracene in the absence and presence 

of P2 as a representative example. If the observed quenching occurs via energy transfer 

processes, then a distinct change in the lifetime decay profile should be evident when the 

polymer is added.198-199 Furthermore, the absorbance spectrum of the P2-anthracene mixture was 
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additive, completely matching with the calculated sum of the individual absorbances of each 

component. This ruled out aggregation and the formation of a ground-state complex between P2 

and anthracene. These measurements are presented in Figure 5-4. 

 

Figure 5-4 (a) Emission decay of P2 (15 mg L-1) before and after the addition of anthracene 

(500 µM) in DMF. (b) UV-vis absorption spectra of P2, anthracene, a mixture of P2 and 

anthracene, compared to a simulated spectrum, calculated from sum of the individual 

experimental absorbance spectra. 

Fluorescence anisotropy experiments were also conducted to investigate whether direct 

binding took place between the PAH analyte and these polymers. As mentioned in the previous 

chapter, a strong increase in fluorescence anisotropy indicates a slower rotational diffusion rate 

of a small fluorophore due to binding to a larger molecule.166 For these experiments, P5 was 

titrated into a solution of anthracene ([anthracene] = 100 µM in DMF). Polymer P5 was chosen 

as the representative example because its emission spectrum is free of overlap with that of 

anthracene. Therefore, changes in anthraceneôs tumbling rate in solution could be directly and 

independently observed. As shown in Figure 5-5, no increase in fluorescence anisotropy was 

observed for anthraceneôs emission as more P5 was added, suggesting that there was no binding 
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between anthracene and P5. Given all of these experimental results, the IFE is the most likely 

quenching mechanism of these polymers in the presence of PAH analytes. 
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Figure 5-5 Fluorescence anisotropy as P5 is titrated into anthracene (100 µM) in DMF. If 

binding occurred, a significant increase in fluorescence anisotropy would have been observed 

(ɚexc. = 350 nm). 

5.4 Pattern recognition of PAHs using conjugated polymers 

The 16 PAH compounds identified as priority pollutants by the EPA were chosen as 

target analytes (Scheme 5-2). Each PAH demonstrates varying spectral overlap with these 

polymers. Figure 5-6 illustrates the unique spectral overlap between P2 and P6 and all 16 PAHs, 

providing the basis for differential quenching through the IFE. The minor structural variations 

between each polymer, in combination with the distinct relationship of molar absorptivity and 

wavelength for each PAH, provided a library of differential response that could be used for 

discrimination using pattern recognition techniques. 
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Scheme 5-2 The chemical structures of all 16 PAH analytes identified by the EPA as priority 

pollutants of interest. 

 

Figure 5-6 Normalized UV-vis absorption spectra of P2 (solid line, [P2] = 15 mg L-1) and P6 

(dashed line, [P6] = 15 mg L-1) overlaid with the absorption spectra of (a) two- and 

three-membered PAHs, (b) four- and five-membered PAHs, and (c) five- and six-membered 

PAHs in DMF ([PAHs] = 10 µM). 

Solutions of P1-P6 in DMF (15 mg L-1) were arranged on 384-well microplates and were 

exposed to 500 µM solutions of the 16 PAHs mentioned earlier as persistent pollutants by the 
































































