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Polymères	conjugués	pour	l’élaboration	de	capteurs	optiques	et	
résistifs	pour	l’analyse	de	l’eau	

Résumé	 :	L'analyse des contaminants de l'eau qui sont toxiques pour l'être humain et la vie 

aquatique est d'une importance primordiale. En particulier, les mesures de la qualité de l'eau 

potable délivrée dans les habitations privées constituent un problème de santé publique 

important. Une famille de contaminants est constituée par les métaux lourds. En petites 

quantités, certains (par exemple le fer, le cuivre, le manganèse ou le zinc) sont essentiels sur le 

plan nutritionnel pour une vie saine. Cependant, les métaux lourds montrent une grande 

tendance à former des complexes, en particulier avec des ligands de la matière biologique 

contenant de l'azote, du soufre et de l'oxygène. Ces ions peuvent causer des dommages à de 

nombreux organes et sont responsables de maladies, par exemple, les maladies Parkinson et 

Alzheimer. Les concentrations maximums des métaux dans l’eau potable sont généralement 

fixées par les lignes directrices de l’organisation mondiale de la santé à niveau ppb (mg/L) à 

niveau ppm (mg/L). 

Différentes méthodes sont utilisées pour déterminer leur concentration en phase aqueuse. Par 

exemple, les méthodes de spectroscopies, les techniques voltammétriques. Cependant, des 

capteurs peu couteux, portables et permettant une analyse en temps réel sont nécessaires, en 

particulier dans des environnements sensibles, tels que les réseaux d'eau potable et les effluents 

d'eaux usées industrielles. 

Le but de mon projet était de d’élaborer des capteurs avec de nouveaux matériaux sensibles 

comportant des polymères conjugués. Deux types de capteurs ont été envisagés dans la cadre 

de ce projet: des capteurs optiques dans le but d’utiliser les propriétés d’amplification du signal 

des polymères conjugués[1]. Ces capteurs optiques permettent de détecter la présence de ions 

métalliques avec réponse rapide ; et des capteurs résistifs à base de nanohybrides polymères 

conjugués (CPs) / nanotubes de carbone (MWCNTs). Ces capteurs électriques, est peu coûteux, 

facile à transporter et multiplexage. De plus, ils permettent la surveillance de la qualité de l’eau 

à distance et en continu. À notre connaissance, aucune sorte de capteurs résistifs comportant de 

tels matériaux actifs n'a encore été développée. 

Concernant les capteurs optiques, deux séries de polymères conjugués avec trois ligands 

différents sont synthétisés pour étudier l’influence des groupes ligands ainsi les structures des 

squelettes des polymères sur leur capacité à reconnaître des ions métalliques (Figure 1). Les 

titrations photoluminescences de ces polymères avec dix ions métalliques (Al3+, Ca2+, Cd2+, 
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Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Ni2+, et Zn2+) ont montré que le polymère nommé P1 est sensible 

à Cu2+ et Ni2+, et le polymère nommé P3 est sensible à Cu2+, Ni2+ et Zn2+. Ces faits permettent 

d’utiliser les polymères comme capteurs optiques pour ces ions à partir des quantités en ppb 

(µg/L). Le polymère nommé P6 émet une couleur orange en présence des ions Cd2+ et Zn2+ 

sous lumière UV (Figure 2). Un capteur papier facile à porter est élaboré pour la détection de 

la présence d’ion Zn2+. Les élaborations des capteurs sélectifs pour l’ion Zn2+ avec polymère 

P6, et pour l’ion Ni2+ avec polymère P1 sont confirmés par des tests de compétitions. Nous 

avons aussi montré la possibilité d’utiliser ces polymères sous forme solide ce qui permet de 

recycler ces capteurs en films (Figure 3). 

	

Figure 1 Structures des polymères 

	

Figure 2 Fluorescence sous UV du P6 seul et en présence de Zn2+ respectivement gauche et droite 

Reference
Tissue

Tissue: P6 Tissue: P6 + ZnCl2

366	nm	light
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Figure 3 Recyclabilité du film P1 dans le capteur après lavages par EDTA puis eau distillée 

Les capteurs ohmiques sont développés en combinant des PCs synthétisés avec des nanotubes 

de carbone (NTC) comme éléments de détection[2-4]. Une telle combinaison devrait apporter à 

la fois une sélectivité par une fonctionnalisation chimique adéquate des PC[5-7], et une sensibilité 

grâce aux propriétés électriques des NTC. En effet, dans les nanohybrides PC/NTC, les 

squelettes conjugués des polymères sont physisorbés sur les parois du NTC par des interactions 

d'empilement (Figure 4 (a)). La modification électronique induite par l'interaction entre les PC 

et les analytes devrait être transférée aux NTC, qui agissent comme des transducteurs dans les 

capteurs, en modifiant leur conductivité. Les polymères synthétisés précédemment sont 

fonctionnalisés sur les parois de NTC afin de formuler des nanohybrides PCs/NTC pour 

l’élaboration des capteurs ohmiques. Les nanohybrides PCs/NTC sont caractérisés par des 

méthodes expérimentales (microscopie électronique en transmission, Raman, etc.) et 

numérique (simulation, Figure 4 (b)) pour confirmer l’interaction entre PCs et NTC. Les 

nanohybrides sont ensuite déposés sous forme de films sur des puces avec les électrodes (Figure 

4 (c)) par technique d’impression jet-encre, qui servent d’éléments résistif dans les dispositifs. 

La réponse des dispositifs aux concentrations métalliques est mesurée et étudiée.  
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Figure 4 (a) Modélisation de transfert de charge du polymère au NTC ; (b) Image MET de l’encre CNT-

Polymère ; (c) Encre CNT imprimée entre deux électrodes de Pt sur silicium 

	

	

	

	

  

(a) (c)(b)
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Abstract 
Analysis of water contaminants that are toxic for human being and aquatic life is of primary 

importance. Indeed, the measurements of the quality of drinking water delivered in private 

dwelling is a significant public health concern. A family of undesired contaminants is heavy 

metals. An elevated concentration of metal ions in water is mostly due to an intensive human 

activity (industry, farming, and housing). In small quantities, some heavy metals (e.g., iron, 

copper, manganese, and zinc) are nutritionally essential for a healthy life. However, they show 

a high tendency to form complexes as they bind to biological matter containing nitrogen, sulfur, 

and oxygen. As a result, changes in the molecular structure of proteins, breaking of hydrogen 

bonds, or inhibition of enzymes can occur[8]. These interactions, among others, may explain the 

toxicological and carcinogenic effects of heavy metals. The can result in damages to many 

organs and some diseases, including Parkinson’s and Alzheimer’s diseases[9-13]. Respiratory 

and cardiac problems can be caused by nickel ingestion[14], and accumulation of the Ni2+ ion in 

the body leads to oxidative stress[15]; Ni2+ and Cu2+ are also noxious to teeth and bones. These 

negative effects result from the formation of coordination complexes between the metal ions 

and biological matter.  

Heavy metals are not biodegradable and therefore they remain in ecological systems and in the 

food chain indefinitely, exposing top-level predators to very high levels of pollution.  

Different methods are used to determine their concentration in water such as anodic stripping 

voltammetry (ASV) [11, 13], solid phase extraction combined with inductively coupled plasma 

optical emission spectrometry ICP-OES[11, 13] and cold-vapor atomic absorption spectroscopy 

(AAS) method[16]. These methods are well established, but are costly, time consuming, lack 

portability, and rely on trained personnel because of their complexity[17]. 

Therefore, cheap, portable and real-time response sensors for the determination of heavy metals 

in aqueous solutions are needed, particularly in sensitive environments, such as drinking water 

and industrial wastewater effluents. The main goal of the project was to elaborate sensors with 

a new type of active materials comprising conjugated polymers (CPs). Two kinds of sensors 

have been investigated: the first one is optical sensors based on functionalized conjugated 

polymers (CPs) in order to take advantage of the signal amplification brought by them. The 

second one is a resistive sensor based on conjugated polymers (CPs)/carbon nanotubes (CNTs) 

nanohybrids for the quick detection of pollutants in an aqueous environment. To our knowledge, 

no resistive sensors comprising such active material has been developed. The project focuses 

on the detection of metal ions, however, it can later be extended to other kinds of pollutants 
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(such as nitrate, chloride, even drugs) using different polymers with the same working 

mechanism. 
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Table of abbreviations 
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AFM atomic force microscopy 
ASV anodic stripping voltammetry 
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CNT carbon nanotube 
CPs conjugated polymers 
CVD chemical vapor deposition 
EDTA ethylenediaminetetraacetic acid tetrasodium salt dihydrate 
EDX energy-dispersive X-ray spectroscopy 
GPC gel permeation chromatography 
HOMO highest occupied molecular orbital 
LUMO lowest unoccupied molecular orbital 
MWCNT multi-walled nanotubes 
NMR nuclear magnetic resonance 
PDI polydispersity 
PET photoinduced electron transfer 
PF polyfluorene 
PL photoluminescence 
ppb mg/L 
ppm µg/L 
ppt ng/L 
SEC size-exclusion chromatography 
SWCNT single-walled nanotubes 
TEM transmission electron microscopy 
THF tetrahydrofuran 
tpy terpyridine 
UV-Vis ultraviolet–visible spectroscopy 
λ wavelength 
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I.1 Heavy metal in the environment 

Heavy metals are defined as metals of a density higher than 5 g/cm3. [18] They exist as pure 

elements, ions or complexes. Their multiple industrial, domestic, agricultural, medical and 

technological applications have led to their wide distribution in the environment, raising 

concerns over their potential effects on human health and the environment[19].  

Heavy metal ions are often very toxic. Chromium (Cr), arsenic (As), cadmium (Cd), mercury 

(Hg), and lead (Pb) rank among the priority metals that are of public health significance. They 

are classified as human carcinogens[20] and will cause multiple organ damages even at very low 

quantity of exposure. Besides these toxic elements, some heavy metals such as iron (Fe), copper 

(Cu), nickel (Ni), zinc (Zn) are essential to many organisms. However, oversupply of these 

elements will result in malfunction of body organisms hence diseases[21].  

Table 1 summarizes the World Health Organization (WHO) standards and European (EU) 

standards for metals in drinking water. The WHO set the set the provisional maximum tolerable 

daily intake limits to 2 ppm for Cu2+, and 70 and 10 ppb (µg/L) for Ni2+ and Pb2+, respectively, 

for drinking water. It is thus of primary importance to be able to accurately determine their 

concentration in water at such low levels.  

Table 1 WHO and EU drinking water standards for metals[22] 

Element Symbol WHO standards: ppm (mg/L) EU standards : ppm (mg/L) 

Aluminum Al 0.2 0.2 

Cadmium Cd 0.003 0.005 

Copper Cu 2 2 

Hardness CaCO3 No guideline Not mentioned 

Iron Fe No guideline 0.2 

Lead Pb 0.01 0.01 

Mercury Hg 0.001 0.001 

Nickel Ni 0.02 0.02 

Zinc Zn 3 Not mentioned 

I.2 Sensors for metal ions: state of art 

I.2.1 Spectroscopy sensors for heavy metals detections 

For determination of metal ions in solutions, several methods can be used: for example solid 

phase extraction combined with inductively coupled plasma optical emission spectrometry 
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(ICP-OES)[23] and cold-vapor atomic absorption spectroscopy (AAS) method[24]. These 

methods have low detection limit and high precision. However, these methods often require 

expensive equipment and complicated techniques.  

1 Solid phase extraction combined with inductively coupled plasma optical emission 

spectrometry (ICP-OES) 

This method involves the extraction and pre-concentration of metal ions by solid absorbent, 

then determines the trace of metal ions by ICP-OES.  

ICP-OES is an analytical technique for the quantitative determination of chemical elements. It 

is a type of emission spectroscopy that uses inductively coupled plasma to produce excited 

atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a particular 

element. The wavelength of the atomic spectral line gives the identity of the element while the 

intensity of the emitted light is proportional to the quantity of the element. The flame 

temperature used in this method ranges from 6 000 to 10 000 K. 

The advantages of this method are its high detection limit (low ppb to high ppt range[25]) and 

multi-element capability. However, it is costly and time consuming, which limits the use of this 

method for commercial applications.  

2 Atomic absorption spectroscopy (AAS) 

AAS is an analytical technique used for the detection of chemical elements using the absorption 

of optical radiation (light) by free atoms in the gaseous state. The AAS need the sample to be 

atomized in gaseous state beforehand. The most commonly used atomizers are flames (1600 ~ 

2700 K) and electrothermal atomizers (high temperature and high current power). 

This method has low detection limit and can detect metal down to ppt range[26]. Like ICP-OES, 

it is limited by its high cost and operating expense. 

All of the above-mentioned spectroscopy methods are highly sensitive and selective, they 

require expensive equipment and complicated techniques. Moreover, they cannot be used as 

portable devices for on-site detection. Along with the development of different technologies, 

several types of sensors have been developed, including optical sensors, electrochemical 

sensors and electrical sensors. They are introduced in the following subsections. 
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I.2.2 Optical sensors 

Among various detection techniques, optical detections are the most convenient methods due 

to the their simplicity, sensitivity, specificity, and real-time monitoring with fast response 

time[27]. The detection limit can down to ppb range [28]. 

1 Fluorescent sensors 

a) Introduction: 

Fluorescent sensor is a type of chemosensor,  which is defined as a compound whose chemical 

properties (electrical, electronic, magnetic, or optical signal, etc.) change drastically upon 

binding to a specific counterpart[29]. The fluorescent chemosensors, as indicated by their name, 

detect the presence of the analyte by monitoring the sensors’ fluorescence signal. A typical 

fluorescent sensor is composed of: a receptor for the molecular recognition of the analyte; a 

fluorophore responsible for signaling the occurrence of the interaction between receptor and 

analyte [30]; and sometimes a spacer to link the fluorophore ad the receptor (Figure 5).  

 

 

Figure 5 Schematic illustration of a fluorescent sensor 

Organic dyes usually are used as the fluorophores in fluorescent sensors due to the low 

synthesis cost and high versatility. A large variety of small molecules based sensors have been 

developed. Ha. N.K has reviewed the great efforts in the development of fluorescent and 

colorimetric sensors for the detection of lead, cadmium, and mercury ions till 2012[31]. After 

that Baljeet K. et al. reviewed the progress of colorimetric sensors for several metal ions of the 

years 2011-2016[32].  

The use of conjugated polymers as fluorophore was first introduced by Swager and coworkers 

in the second half of the nineties[33]. Since then, studies dealing with the measurement of species 

in solution, both in organic and aqueous media, have been reported. Compared to small 

molecules optical sensors, polymer based optical sensors display several important advantages 

due their signal amplification properties. This is explained in details in the Section I.3.  

analytereceptor

spacer

fluorophore

bonded analyte

sensing
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Since Ono et al. reported that the chelating ability of the thymines that form mismatches in the 

oligonucleotide duplex is extremely selective for Hg2+, an increasing interest in the 

development of this type of biosensors using this tight interaction has been noted in the last few 

years[8][34]. For example, nucleic acids based biosensors have been developed for sensing Pb2+ 

and Hg2+[35][36]; Proteins based fluorescent biosensors have reported to detect Pb2+, Hg2+ and 

Cd2+[37][38][39][40][41]. The possibility of biosensors, enable the intracellular detection, which the 

most important advantage of a fluorescent sensor[31]. 

b) Fluorescence:  Jablonski diagram:  

When a compound is excited by light with certain wavelength, it will absorb the energy of the 

light. The energy of the photon is transferred to an electron, exciting it to a higher energy level. 

This process is called absorbance. Once an electron is excited, the energy can be dissipated 

through radiative process or non-radiative process. The non-radiative processes include 

vibrational relaxation, internal conversion and intersystem crossing. The vibrational relaxation 

is when the energy deposited by the photon into the electron is given away to other vibrational 

modes as kinetic energy. If vibrational energy levels strongly overlap electronic energy levels, 

the excited electron can transition from a vibrational level in one electronic state to another 

vibrational level in a lower electronic state, this process is called internal conversion. These 

two processes are fast transitions, with timescales between 10-14 and 10-11 seconds. 

Fluorescence is a radiative relaxation between the zero-vibrational state (Vo) of the first excited 

state (S1*) to one of the different vibrational states of the ground state (S0). The speed of 

fluorescence is relatively slow, 10-9 to 10-7 seconds. Another non-radiative path of dissipation 

of energy is called intersystem crossing. It involves a spin multiplicity change of the electron 

from an excited singlet state to an excited triplet state. This is the slowest process (10-8 – 10-3 

seconds) in the Jablonski diagram, thus being a forbidden transition. The electron at the excited 

triplet state then goes back to ground state through radiative phosphorescence process. This 

process is very slow (10-4 – 10-1 seconds), therefore it is also forbidden. The electron on excited 

triplet state could also go back to the first excited singlet level, leading to the emitting transition 

to the ground electronic state which is called delayed fluorescence. Other non-emitting 

transitions from the excited state to the ground state exist and account for the majority of 

molecules not exhibiting fluorescence or phosphorescent behavior. For instance, energy 

transfer between molecules through molecular collisions can occur. Also, through quenching, 

energy transfers between molecules through overlap in absorption and fluorescence spectra.  



 

 
 18 

 

Figure 6 Jablonski diagram 

c) Sensing mechanisms:  

A fluorescent sensor could be either “Turn-on” or “Turn-off”: A turn-on sensor is a 

chemosensor whose fluorescence intensity increases in the presence of the analyte[42]. While a 

turn-off sensor, in contrast to a turn-on sensor, its fluorescence decreases when its probe 

interacts with the analyte. 

Turn-on sensor 

For a turn-on sensor, as shown in Figure 7[43]: in the absence of metal ions, the fluorescence 

intensity of the fluorophore is reduced due to photoinduced electron transfer (PET) from the 

free ligand to the fluorophore (“turn-off state”). In the PET effect, the quenching orbital (e.g. 

the lone pair on an adjacent amine group) is of higher energy than the HOMO of the fluorophore 

(e.g. an extended aromatic group). On excitation of an electron from the HOMO to an excited 

state of the fluorophore, an electron drops from the lone pair into the gap in the HOMO of the 

fluorophore, and prevents the excited electron from falling back into the ground state, so 

quenching the fluorescence. When the ligand is bound to the metal ion via chelation, the HOMO 

of the ligand becomes lower than the HOMO of fluorophore. The PET effect is prevented by 

the Chelation-enhanced fluorescence (CHEF) effect[44]. Figure 7 shows the general mechanism 

of “Turn-On” sensor. 
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Figure 7 Turn-on sensors sensing mechanism[43]: In the excited state of the fluorophore, at (a) fluorescence 

is quenched by the PET effect, and at (b) fluorescence is restored by the CHEF effect. 

Turn-off sensor 

In a turn-off sensor, its fluorescence could be quenched by a transition metal ion through two 

mechanisms: a photoinduced electron-transfer (PET) mechanism and an energy-transfer 

process as illustrated in Figure 8 (a) and (b), respectively[44][45]. As far as electron transfer 

mechanism is concerned, coordinate between ligand and metal favours oxidation of metal to 

higher oxidation state (e.g. CuII to CuIII state). Thus, electron transfer from the complexed metal 

center to the photoexcited fluorene (metal-to-ligand electron transfer), as schematic illustrated 

in Figure 8 (a). The electron-transfer mechanism involves a charge separation (redox). Figure 

8 (b) is an example of Dexter type energy-transfer mechanism. The excited electron of the 

fluorophore transfers (donor) to the half-filled or empty orbital of the metal (acceptor), then an 

electron from HOMO orbital of metal falls to HOMO the fluorophore. This process requires a 

wavefunction overlap between the donor and acceptor and it prevents the fluorescence of the 

fluorophore. 3d block d1-d9 metal ions, such as Ni2+ and Cu2+, exhibit rich redox activity 

(Oxidation states Ni: +1, +2, +3, +4; Cu: +1, +2, +3). The electron transfer could take place 

directly from the fluorophore to the complexed ion (or vice-versa) through a ligand-to-metal or 

metal-to-ligand electron transfer mechanism. Besides that, the transition metal ions d1-d9 

possess empty or half-filled orbitals of convenient energy, thus, they could also be involved in 

energy transfer processes from the photoexcited fluorophore. While a d10 metal ion, such as 

Zn2+ and Cd2+, they possess a d10 electron configuration, cannot be involved in any energy-

transfer process. Moreover, Zn2+ doesn’t show any redox activity at all, whatever its 
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coordinating environment, which excludes any possibility of a photoinduced electron-transfer 

process[46].  

 

Figure 8 Turn-off sensor sensing mechanism: a) electron-transfer mechanism; b)energy-transfer 

mechanism (Dexter type) [44] 

d) Drawbacks and advantages: 

Compared with the other methods to detect the presence of metal ions in aqueous solution. The 

fluorescent sensors present several advantages: the detection of analyte by fluorescence is a 

simple, real-time method, and is often reversible. However, the main drawback of this method 

is the lack of specificity of ligand against similar metal ions: a fluorescent sensor sensible to 

one ion is often also sensible to other ions. A way to increase the selectivity is to design ligand 

with rigid cavity that can only bind with metal ions with suitable ionic radius[11, 32]. 

I.2.3 Electrochemical sensors 

Electrochemical method is another typical method that are used for quantitative determination 

of ions in solution. Historically, the branch of electrochemistry we now call voltammetry 

developed from the discovery of polarography in 1922 by the Czech chemist Jaroslav 

Heyrovski, for which he received the 1959 Novel Prize in chemistry. The common 

characteristic of all voltammetry techniques is that they involve the application of a potential 

to an electrode the monitoring of the resulting current flowing through the electrochemical cell, 

which usually incorporates three electrodes: a working electrode, auxiliary electrodes 
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(b) energy transfer
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(sometimes called the counter electrode), and reference electrode. In general, the reduction or 

oxidation of a substance at the surface of a working electrode, at the appropriate applied 

potential, results in the mass transport of new material to the electrode surface and the 

generation of a current. 

Anodic stripping voltammetry (ASV) is the most widely used for trace metal determination. Its 

working theory is explained in the following subsection. While other types of voltammetry 

permit the determination of various inorganic and organic species with similar electrochemical 

theory. 

1 Anodic stripping voltammetry (ASV) 

 

Figure 9 A: Cleaning step, B: Electroplating step, C: Equilibration step, D: Stripping step 

Anodic stripping voltammetry is a voltammetric method for quantitative determination of 

specific ionic species in solution. ASV involves 4 steps[47]. The working electrode is put into a 

solution containing the analyte. The first step is a cleaning step. In this step the electrode is 

exposed to a high potential (more oxidizing potential than the analyte of interest) for a period 

of time in order to fully clean the electrode (Step A). Then the analyte of interest is electroplated 

on the working electrode during a deposition step by a negative potential to reduce the ions 

(Step B). After this step, the potential of the electrode is kept at low potential for a while for 

the well-equilibrium of the deposition (Step C). The last step is to apply a high potential to 

oxidize the analyte and to strip them from the electrode (Step D). The current is measured 

during the stripping step to determine the analyte in the solution. 

ASV is a sensitive and reproducible method for trace metal ion analysis in aqueous media, and 

it can detect several metals ions down to the ppb (ng/l) level[48]. The advantage of voltammetry 

as quantitative method of analysis is its capability for analyzing two or more analytes in a single 

sample. One disadvantage of this method is that the analysis time may up to 30 min (or more) 

for a very-low-concentration ASV determination. Besides that, the use of three electrodes, and 

the need of calibration also make this type sensor less convenient for an on-site use. While the 
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3main drawback of this method is the common use of mercury film as working electrode, which 

is very toxic and difficult to handle[48]. Even though many researches have been done to develop 

non-toxic working electrodes[49]. Their sensitivity, accuracy and the life-time still need to be 

improved. 

I.2.4 Electrical sensors 

Electrical sensors based on functionalized semiconductors and metallic electrodes transducers 

are quite attractive for the development of ion-sensitive sensors in aqueous solution due to high 

sensitivity and selectivity. Compared to the large volumes of study on the optical sensors and 

electrochemical sensors for the detection of analytes in water. Few works have been done to 

develop electrical sensors.  

Allen et al. has reported the use of metallic LiMo3Se3 nanowire film sensors for electrical 

detection of metal ions in water[50]. The immersion of their films in several metal solutions (e.g. 

ZnCl2, MnCl2, FeCl2) results in an increase of the electrical resistances of the films. The 

adsorption of metal ions on the films is reason for this increase of resistances according to their 

analysis. A possible explication is that the metal ions act as scattering centers for conduction 

electrons in the nanowire bundles[51]. Even though the cation size is found to be a significant 

factor that govern the response of the sensors to transition metal. However, it is not possible to 

differentiate ions with similar sizes. Furthermore, no size dependent relationship has been 

found for alkaline earth metal. 

To resolve the problem of lack of sensing specificity, surface modified sensors have been 

reported. Calmodulin (a calcium-binding protein) has been immobilized onto silicon nanowire 

by Cui et al. for selectively sensing of Ca2+[52]. Similar work has been done by Sudibya et al. to 

immobilize Calmodulin on surface of reduced graphene oxide films to detect Ca2+ and Mg2+[53]. 

Carbon nanotube has also been reported as promising sensors, which is introduced in Section 

I.4.3. 

Electrical sensors are attracting more research attention to create small size, highly sensitive, 

real-time sensors for biological and chemical species[53]. But, similar to fluorescent sensors, one 

disadvantage is the lack of specific. And the degradation of sensors in aqueous media also limit 

the long-term use of electrical sensors for the moment[50]. 
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I.2.5 Conclusion 

Even though a large diversity of sensors has been presented in this section. Cheap, portable and 

real-time response sensors for the determination of heavy metals in aqueous solutions are still 

needed, particularly in sensitive environments, such as drinking water and industrial wastewater 

effluents. The aim of the project is to develop these kinds of sensors to satisfy the current need. 

We are particularly interested in the optical sensors and the electrical sensors as they are easy 

to manipulate and give real-time response. Two kinds of sensors have been investigated in the 

project: the first one is optical sensors based on functionalized conjugated polymers (CPs). The 

second one is a communicating resistive sensor based on conjugated polymers (CPs)/carbon 

nanotubes (CNTs) nanohybrides for the quick detection of pollutants in aqueous water. Section 

I.3 introduces the use of conjugated polymers in fluorescent sensors. And Section I.4 introduces 

the potential use of carbon nanotubes in electrical sensors. 

I.3 Conjugated polymers: elaboration of fluorescent sensors 

Compared to small molecules optical sensors, polymers based optical sensors display several 

important advantages. Conjugated polymers (CPs) have received much attention as signal-

transducing elements for sensory applications due to their signal amplification properties and 

the versatility in their molecular design as explained in the following texts.[44]  

I.3.1 Definition 

Conjugated polymers (CPs) are organic macromolecules that are characterized by a backbone 

chain of alternating double- (or triple-) and single-bonds. Their overlapping p-orbitals create a 

system of delocalized π-electrons, which can result in interesting and useful optical and 

electronic properties, such as absorption or emission of light, and electronic conduction[54]. The 

most commonly used conjugated polymers are poly (acetylene) (PA), poly (thiophene) (PT), 

poly (pyrrole) (PPy), poly (p-phenylene) (PPP), poly (p- phenylenevinylene) (PPV) and 

polyfluorene (PF). Their representation is given in Figure 10. 
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Figure 10 Common motifs of conjugated polymers 

I.3.2 Synthesis methods 

The synthesis of CPs has long been of high interest. CPs could be synthetized through oxidative 

polymerization or coupling reactions as presents below. 

1  Oxidative polymerization 

This method of synthesis was developed for the first time by Yoshino et al in 1986 for the 

synthesis of polyfluorenes and polythiophenes. Compounds obtained with this mean generally 

have relatively low molecular weights and many structural defects that can be troublesome 

when used within devices[55]. The oxidizing agent most used to obtain this type of compound is 

iron (III) chloride, the reaction generally taking place under an inert atmosphere and at room 

temperature in anhydrous chloroform (Figure 11). The oxidizing agent here has the role of 

forming cationic radicals that will allow the formation of macromolecules by coupling reaction. 

 

Figure 11 Synthesis of polyfluorene via oxidative polymerization 

2 Coupling reaction catalyzed by metal complexes 

Polymerizations by coupling reaction catalyzed by metallic complexes all occur in three major 

steps : Oxidative addition, transmetallation and reductive elimination. One detailed example of 

the Suzuki coupling reaction mechanism is presented in Chapter II, Section II.2 Synthesis – 

Suzuki coupling. 
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Suzuki coupling 

This coupling was discovered in 1979 and earned its creator the Nobel Prize in Chemistry in 

2010. This coupling reaction is the one that was used in this work to synthesis conjugated 

polymers. It involves the carbon-carbon coupling between a halogen functionalized monomer 

and a boronate functionalized monomer, and it is catalyzed by Pd(0)-catalyst (most often 

Tetrakis(triphenylphosphine)palladium(0)) in presence of a base at high temperature under an 

inert atmosphere. This synthetic route has been widely used to obtain copolymers, especially 

based on fluorene (Figure 12), fluorene-carbazole[56], fluorene-benzothiadiazole[57] and 

fluorenothiophene[58] groups, but also to obtain homopolymers, polycarbazoles[59] or 

polyfluorenes[60]. 

 

Figure 12 Synthesis of fluorene-carbazole copolymer via Suzuki coupling 

Yamamoto coupling 

Yamamoto coupling is one of the most used synthetic modes. In this coupling, carbon-carbon 

bonds of aryl halogenide compounds are formed via mediation from a transition metal catalyst. 

This coupling is catalyzed by a Ni-complex, most often Ni(COD)2 (Bis(1,5-

cyclooctadiene)nickel(0)) in presence of a Lewis base, such as 2-2’-bipyridine or 

triphenylphosphine in DMF. The Ni(0) complexes are sensitive to air, hence these reactions are 

carried out under an inert atmosphere, in order to avoid the oxidation of the catalyst. Indeed, it 

makes it possible to obtain numerous and varied conjugated polymers such as polymers of 

pyridine derivatives[61] (Figure 13), poly (p-phenylenes), polythiophenes, poly (arylenes)[62], 

polycarbazoles[63] as well as polyfluorenes or polythiazoles[64]. 

 

Figure 13 Synthesis of polypyridine via Yamamoto coupling 
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Stille coupling 

This coupling reaction occurs between an organotin and a halogenated organic compound, most 

often aromatic. It is catalyzed by a complex of palladium (0), tetrakis (triphenylphosphine) 

palladium (0) for example. This reaction was first reported in 1977. The main disadvantage of 

this reaction lies in the toxicity of tin. It has been widely used for the synthesis of copolymers 

based on thiophene groups, since it makes it possible to obtain these compounds in a regio-

selective manner[65] ( Figure 14). 

 

Figure 14 Synthesis of thiophene based copolymers via Stille coupling 

Kumada coupling 

This coupling is the reaction between a Grignard reagent and an organic halide catalyzed by 

nickel or palladium complex (Figure 15). It was first reported in 1972 by Robert Corriu and 

Makoto Kumada. This reaction is remarkable because it is among the first reported catalytic 

cross-coupling method[66]. This is a reaction that is quite simple to perform but which, unlike a 

coupling reaction of Stille, does not control the region-regularity of the compound obtained. 

 

Figure 15 Reaction of Kumada coupling 

Heck coupling 

This coupling is the reaction of an unsaturated halide with an alkene in the presence of a base 

and a palladium catalyst to form a substituted alkene as shown in Figure 16. It was discovered 

in 1972 and was also awarded the Nobel Prize for Chemistry in 2010. 

 

Figure 16 Reaction of Heck coupling 
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Sonogashira cross-coupling was first reported in 1975. Coupling between aryl halides and 

alkynl groups occur with a palladium-copper co-catalyst in the presence of a base (Figure 17). 

It is an extension of the Heck reaction. A co-catalyst of palladium-copper is used in the coupling 

which results in the improved reactivity of the reagents and the ability of the reaction to be 

carried out under mild conditions, such as at room temperature[67].  

 

Figure 17 Reaction of Sonogashira coupling 

I.3.3 Optoelectronic properties 

As introduced in Section I.3.1, the conjugated polymers (CPs) consist of backbone chains of 

alternating double- (or triple-) and single-bonds. Their overlapping p-orbitals create a system 

of delocalized π-electrons, which can result in interesting and useful optical and electronic 

properties, such as absorption or emission of light, and electronic conduction[54]. 

1 Electronic structure and conduction properties 

To describe the electronic structure of the conjugated chain of a polymer, we take the example 

of ethylene molecule (Figure 18). 

 

Figure 18 Schematic of ethylene molecule 

Ethylene is built from two hydrogen atoms (1s1) and two carbon atoms (1s22s22px
12py

1). The 

carbon atoms consist of four vacant electrons. Three of their vacant electrons are involved in 

the formation of s bonds, one with the neighboring carbon atom and one with each of the two 

surrounding hydrogen atoms. The s bonds come from the superposition of one of the three sp2 

orbitales. The three sp2 orbitales arrange themselves as far apart as possible - which is at 120° 

to each other in a plane (green bonds in Figure 19). The remaining vacant electrons form a p 

bond between them, which is due to the recovery of 2pz orbitals and responsible for the 

phenomenon of delocalized π-electrons (red and blue bonds in Figure 19).  
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Figure 19 Molecular orbitals in ethylene 

The 2pz orbitals are centered in carbon atoms and perpendicular to the three sp2 orbitales. The 

recovery of these orbitals result in the formation of two molecular orbitals, one called the 

bonding molecular orbital (p orbital) or HOMO (Highest Occupied Molecular Orbital), the 

other called antibonding molecular orbital (p* orbital) or LUMO (Lowest Unoccupied 

Molecular Orbital).  

In the conjugated polymers, many carbon atoms are linked to each other through p orbital, 

result in many bonding molecular orbitals (blue orbitals) and antibonding orbitals (red orbitals) 

as indicated by Figure 20. It is possible to assimilate the antibonding orbitals to conduction 

bands and the bonding orbitals to valence bands, respectively. The energy difference between 

the LUMO and the HOMO is called band GAP (Eg). The Eg decrease with the increase of 

conjugated system. For the majority of conjugated polymer, their Eg are between 1.5 and 3 eV, 

which make them semiconductors. They have therefore a band gap small enough for an electron 

to pass from the valence band to the conduction band and thus have an electrical conduction 

intermediate between that of the metal and insulators (Figure 21). 
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Figure 20 Molecular orbitals in conjugated systems 

 

Figure 21 Energy band diagram of Metals, Semiconductors and Insulators 

It is this particular electronic structuring and the phenomenon of electronic delocalization along 

the conjugated chain which allow the transport of the charges within these materials. 

2 Absorption and emission properties 

Section I.2.2 has introduced the Jablonski diagram and the notion of absorption and emission 

(Figure 6). The absorption spectra of the conjugated polymers are attributed to the transition p-

p* and their emission spectra to the transition p*-p. As the energy bands of conjugated polymers 

are generally between 1.5 – 3 eV. Thus, their absorption spectra and emission spectra are 
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usually in the UV-visible range (E(eV) = 1240/l (nm)).  For example, the polyfluorene emit in 

the blue as introduced in Section I.5. 

Studies have shown that for conjugated polymers, the conjugation length has an influence on 

their emission and absorption properties. The conjugated length can be defined as the length of 

the emitting motifs in the same plane. This has been confirmed experimentally for several types 

of groups: acetylene[68], thiophene[69], phenylene[70], phenylvinylene[71] and fluorene[72]. These 

studies were carried out on oligomers comprising a number of motifs defined and varied. For 

example, for thiophene, the absorbance and emission of the compound increase with the 

number of units in the chain. That is, the larger the conjugation, the more intense the absorption 

and emission[73]. The conjugated length of polymers depend on the number of repeat units in 

the polymers backbones and the polymers conformations. For example, compared to the Face-

on structure (aromatic cycles in the same plane), the Zipper structure (aromatic cycles 

perpendicular to each other) has a break in the conjugation hence a decrease in the conjugation 

length (Figure 22)[74].  

 

Figure 22 Face-on structure and Zipper structure conformations 

I.3.4 Conjugated polymers in chemical sensors  

Since the discovery of metallic conductivity in an organic polymer in 1970s[75], the 

achievements in understanding and synthesis of conjugated (conducting) polymers make it 

possible to design and synthesize of CPs with tailored properties[76]. There are many important 

applications of such materials in photovoltaic devices[77], molecular electronic[78], sensing and 

so on. The CPs-based sensor can transfer the environment information into optical and 

electrical signal.[79] Zhou and Swager first established in 1990s the concept that the conjugated 

polymers greatly amplified the fluorescence quenching due to facile energy migration along 

the polymer backbone upon the excitation[80]. CPs with receptors directly connected to the CP’s 

backbone display enhanced sensitivity compared to its model monoreceptor fluorescent 

chemosensor towards their analyte as illustrated in Figure 23, wherein small molecules and 

polymers excited by a light of hu emit light hu’ and hu’’ respectively. In a monoreceptor 

system (Figure 23 (a)), the fluorescence is quenched only in those receptor molecules forming 
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complex with analyte, and the reduction in emission will be equal to the fractional occupancy 

of analyte (in the ideal case where the receptor’s emission is totally quenched by the binding 

with analyte). However, in the polyreceptor system, the excited electron migrates throughout 

the conduction band of the polymer. Thus, all of the polymer’s emission hu’ could be quenched 

by the same concentration of analyte.	Zhou and Swager have also discussed the dependence of 

efficiency of the enhancement in sensing  on the polymer backbone structure (mobility, 

polymer chain length, and degree of electron delocalization etc.) [81]. Wayne et al. later reported 

that the conjugation of receptors to the polymer backbone is not required for the fluorescence 

response[82]. There are two classic reviews summarize the progress on polymer-based 

fluorescent and colorimetric chemsensors before and after 2006 by Swager et al. and Ha Na et 

al, respectively[83-84]. For instance, emissive conjugated polymers have been used in optical 

sensors to detect with various selectivity levels the presence of different analytes relevant to 

water monitoring. Both chemical and biological substances are targeted in this approach, 

among which inorganic cations, in particular metal ions[85][86][87][88],  inorganic anions such as 

halides[89][90], or organic compounds such as aromatic amines[91]. 	

 

Figure 23 Schematic illustration of CPs enhanced sensing sensitivity compared to its monoreceptor  
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I.4 Carbon nanotube: elaboration of electrical sensors 

I.4.1 Introduction 

Since the discovery of carbon nanotubes (CNTs) in 1991[92], CNTs have receive intensive 

attention both in academy and industry because of their extraordinary thermal conductivity, 

mechanical, and electrical properties. Scientists have proposed many potential applications for 

CNTs, such as conductive and high-strength composites, energy storage and energy conversion 

devices, sensors[93-95].  

Carbon nanotubes (CNT) are a carbon allotrope, and can be described as a “rolled” sheet of 

graphene sheet. CNT can be either a single sheet (single-walled carbon nanotube, SWCNT) or 

in multiple sheets of graphene concentrically grown (multi-walled carbon nanotube, MWCNT) 

(Figure 24). Nanotube diameters range from ~0.4 to >3 nm for SWNTs and from ~1.4 to at 

least 100 nm for MWNTs  

 

Figure 24 (a) Schematic illustrations of the structures of (A)armchair, (B) zigzag, and (C) chiral SWNTs[92]    

(b) Transmission electron microscope (TEM) image of a MWCNT containing nine SWNTs[96]          

Depending on the direction in which the graphene sheets are rolled up, the SWCNTs can be 

divided into three different types: zigzag, armchair and chiral (Figure 25a). This direction (Ch) 

in the graphite sheet plane and the nanotube diameter are determined by a pair of integers which 

is named chiral vector: (n, m) (Ch=na1+m a22, where a1 and a2 are the unit vectors of graphene 

in real space). If n = m, the armchair structure is observed. If n = 0 or m = 0, the CNTs are 

(a) (b)
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zigzag. In all other cases, CNTs are known as chiral. Where Ch is the direction in which is the 

graphene sheet rolled up. T denotes the tube axis, and a1 and a2 are the unit vectors of graphene 

in real space. Depending upon their chirality, CNTs can exhibit metallic or semiconducting 

properties (notion of metallic and semiconducting illustrated in Figure 21). When n − m is a 

multiple of 3, then the CNT is metallic. If not, it is semimetallic. The armchair CNTs are always 

metallic, whereas other types of CNTs are semiconducting.                                          

 

Figure 25 CNT roll up direction[97]     

I.4.2 Synthesis of CNTs  

Different techniques have been developed to synthesis carbon nanotubes, the common methods 

are arc discharge[98], laser-ablation[98] and chemical vapor deposition (CVD)[99].  

1 Arc discharge: 

CNTs were first observed in 1991 in the carbon soot of graphite electrodes during an arc 

discharge[100]. In this method, a direct-current arc voltage is applied across two graphite 

electrodes immersed in an inert gas such as He (Figure 26). During the arcing process, direct 

current passes through the pressurized and heated chamber. As a result, carbon vaporizes on 

the anode. Carbon vapors then drift towards the cathode where it cools down due to the 

temperature gradient. When pure graphite rods are used, multi-walled carbon nanotubes are 

formed. When metal catalysts (such as Fe, Ni, Co) are used together with graphite, single-

walled carbon nanotubes are generated.  
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Figure 26 Arc Discharge schematic for CNT synthesis[101] 

Advantages and disadvantages: 

Arc-discharge technique involves higher temperatures (above 1700 °C) for CNT synthesis 

which typically causes the expansion of CNTs with fewer structural defects in comparison with 

other methods[102]. This technique allows production of large quantities of CNTs. However, it 

is difficult to control the alignment of the CNTs through this method. Besides that, further 

purification processes are needed for the obtained products (crude product containing a mixture 

of carbon allotropes such as fullerenes, CNT, graphene). The impurities are typically removed 

by acid treatment, which will introduce other impurities, and degrade nanotube length and 

perfection. Besides that, this method has low control on the structure of the CNTs (size). 

2 Laser-ablation: 

Laser ablation works through the same mechanism as arc discharge, but instead of producing 

heat through electrical discharge a laser is used (Figure 27). A pulsed laser vaporizes a graphite 

target and nanotubes develop on the cooler surfaces of the reactor as the vaporized carbon 

condenses.  



 

 
 35 

 

Figure 27 Laser ablation schematic for CNT synthesis[103] 

 

Advantages and disadvantages: 

The main advantages of this technique consist of a relatively high yield and relatively low 

metallic impurities since the metallic residues have tendency to evaporate. However, the 

obtained nanotubes from this technique are not necessarily uniformly straight but instead do 

contain some branching. Moreover, this technique can only produce small-scale of CNTs. 

3 Chemical vapor deposition (CVD) method: 

The most popular and simplest way to grow carbon nanotubes is to use chemical vapor 

deposition (CVD). A CVD system for CNT growth injects a hydrocarbon gas (such as methane 

or ethane) into a high temperature zone in a furnace (approximately 700 ºC) (Figure 28) along 

with a process gas (such as ammonia, nitrogen or hydrogen). The hot zone contains a substrate 

on which has been pre-deposited a layer of metal catalyst particles (such as iron, nickel or 

cobalt). These nanoscale metal catalysts catalyze the growth of the carbon nanotubes on the 

substrates. The diameters and the number of layers of the nanotubes that are able to be grown 

are related to the size of the metal catalysts[104]. This method enables the production of aligned 

CNTs (perpendicular to the substrate), and both single and multi-wall CNTs. 
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Figure 28 hemical Vapor Deposition (CVD) schematic for CNT synthesis 

Advantages and disadvantages: 

The relatively low temperatures used in CVD method, compared to those of arc or laser 

production methods, could produce carbon nanotubes with less well-defined graphene 

structure[105]. Nonetheless, CVD technique is the most promising synthesis route for producing 

CNT in large-scale. It has many advantages over other purification routes, especially the high 

purity of the product, which requires no further processing to yield a usable product[106].  

Table 2 Summary and comparison of three most common CNT synthesis methods 

Method 
Arc discharge Laser ablation CVD 

Advantage 
High quality (few 
defects), large-scale 
production 

High quality (few 
defects),  
 

Low temperature  
(700 ºC), high 
purity, large-scale 
production, aligned 
growth possible 

Disadvantage 
High temperature, 
alignment not controlled, 
purification process 
needed 

Limited to labscale, high 
energy consummation, 
purification process 
needed 

Relatively high 
defects 

 

SWCNTs are presently produced by PECVD method only on a small scale and are extremely 

expensive: High-purity samples cost about $750/g, and samples containing substantial amounts 

of impurities cost about $60/g.[107]And the commercial SWCNT are a mixture of 1/3 metallic 

and 2/3 semimetallic. Thus, even though SWCNT display extraordinary properties, their 

applications in industry are strongly limited by the lack of large-volume production capacity, 

the high cost, and the polydispersity in nanotube type[108].  
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I.4.3 CNT sensors: state of art 

It is well known that sensor performance is highly dependent on the surface area of the sensing 

material. CNT, displaying a nearly one dimension structure with a high surface area-to-volume 

ratio. This makes them as promising material for sensing application.  

Both SWCNT and MWCNT have been reported to fabricate transistor or resistor to detect the 

electronic modification induced by different analytes: Chemical sensors based on 

SWCNT/MWCNT for probing gaseous molecules such as NO2, NH3 and O2
[94, 109] [2]. The 

sensing mechanism is to detect the electronic modification induced by the adsorption of gaseous 

molecule onto the CNT walls. Decorate the CNT with metal nanoparticles (eg., Au, Pd) or other 

organic compounds are reported to enhance the sensitivity and selectivity of sensors (Figure 29) 
[94, 110]. Biosensors based on CNT for the detection of bacteria and microorganism by detecting 

the level of oxygen produced by the bacteria have been also elaborated[111]. Another example 

is the humidity sensors to detect the adsorption of water molecule. And pH sensor which detect 

the interaction between the hydroxide ions (OH-) in the solution and the defects of the CNT is 

another common sensing application of CNT[112-113]. 

 

Figure 29  NP decorated MWCNT as chemresistor for gas sensing[94]  

The CNT-based sensors possess several advantages: high compactness, relatively low cost, 

high sensitivity and a wide range of detectable species. However, the key disadvantage of CNT 

sensors is the lack of selectivity. A solution to improve the selectivity is to functionalize the 

CNT with different compound[94] [2-4, 110, 114-116]. For example, CNT sensor immobilized with 

amino-functionalized probe DNA has been reported for sensing target DNA[117]. 

I.4.4 CNTs/CPs nanocomposites 

Potential chemical sensors applications of CNTs are interesting because of their electronic 

transport. A serious problem associated with the application of CNTs is the solubility due to 

bundling caused by van der Waals interactions of carbon nanotubes. This problem is less severe 
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for MWCNTs compared to SWCNTs, but it always limited the processing of CNTs. Dispersion 

of CNTs can be achieved by functionalization of the surface of CNTs via covalent interactions 

with the suitable functional groups or by non-covalent interactions between the CNT surface 

and proper dispersants[98]. The covalent functionalization method causes a disruption of the 

chemical structure of the CNT sidewalls and decreases dramatically the general properties� 

while the non-covalent functionalization enables to preserve the π-electronic structure and the 

properties of CNT.[118] That is the reason why we are interested in this kind of functionalization 

for the design of our ohmic sensors as illustrated in the section I.4 Design of sensors. 

Conjugated polymers (CPs) are often used to increase the dispersibility of SWCNTs in different 

solvents[119]. CPs chains can be adsorbed on the CNTs surface by non-covalent π-π interaction 

and also van der Waals interactions between polymers’ alkyl lateral chains that interconnect 

with the similar zigzag patterns on the CNTs walls [120]. Figure 30 presents two interactions 

between conjugated polymers and SWCNTs as obtained by numerical simulations. It show that 

helical wrapping and linear adsorption along the nanotube could occur depending on the 

flexibility of the polymer backbone[121].  

 

 

Figure 30 Nanotube wrapped by three PFO chains in two geometries: chains aligned to the tube axis (top) 

and forming helices (bottom) [122] 

The CPs/CNTs composites combine the conducting properties of MWCNTs with the sensing 

ability of functionalized conjugated polymers to elaborate enhanced sensible and real-time 

responding resistors through the charge transfer between CPs and CNTs. Moreover, the 

polymer layers can also increase the dispersion of CNTs. We describe in the next section the 

design of ohmic sensors with such CP/CNT nanohybrides, 
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I.5 Design of sensors 

I.5.1 Design of optical sensors 

As presented in I.2.2, an optical sensor consists a fluorene, a receptor and sometimes a spacer. 

Figure 31 illustrated the simplified structure of our CPs based optical sensors. The blue chain 

symbolized the conjugated polymer backbone (fluorophore). The red symbol represents the 

receptor (ligand). And the green line stands for the spacer between the receptor and the 

fluorophore. The sensibility and selectivity of the sensors depend on the structure of the 

fluorene and receptor. This section explains the choose of CPs backbone chain and receptors. 

 

Figure 31 Schematic of CP optical sensors 

1 Choice of conjugated polymer chain: fluorene-carbazole copolymers 

Polyfluorene derivatives is an important family of conjugated polymers. Polyfluorene 

derivatives are a class of polymers known to show high quantum yields both in solution and as 

thin films[1]. Also, they belong to the wide family of conjugated polymers that show specific 

optoelectronic properties. They feature a strong synergy between semiconducting and emissive 

properties. They were primarily developed at the end of the nineties by Swager and co-workers 

for optical detection of explosives[33]. Besides that, polyfluorene units are easily to be modified 

with side chains, enabling to increase their solubility in different solvent by introducing side 

chain ( 

Figure 32). For instance, alkyl chains are often grafted to the fluorene unit to increase the 

polymer solubility in common organic solvent ( 

Figure 32a), while phosphate groups were grafted onto fluorene to stabilize the polymers in 

aqueous media ( 

Figure 32b)[123]. For all these raisons, polyfluorene backbone was chosen for the design of 

optical sensors in this study. 
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Figure 32 (a) 9,9-dihexylfluorene (b) (9,9-bis(3-phosphatepropyl)fluorene 

Polycarbazole derivatives are another important family of conjugated polymers. They have 

attracted interest in research and in industry because of their good thermal and photochemical 

stability. The N atom in carbazole unit is easy to substitute, enabling the introduction of ligands 

into the polymer chains (Figure 33). Because of the easy modification of the N atom of 

carbazole, we used carbazole units to be the carrier of the ligands and coupled them with 

fluorene into the polymer chains. Most of the carbazole derivatives are functionalized in 

position 3,6 because it’s easier to react in these positions of carbazole (Figure 35). Compared 

to 2�7 functionalized fluorene unit, the 3,6 functionalized carbazole unit has a higher rigidity. 

The 3,6 carbazole units in the polymer chain will induce a pronounced twist because of the 

geometry as illustrated by Figure 34[124][125]. The introduction of carbazole in the polymer chain 

will decrease the solubility of polymers and will decrease the length of the polymers thus the 

conjugation length for the same geometry reason[1]. For these reasons, two series of fluorene-

carbazole copolymer have been synthesized to study the influence of ligands ratio in the 

polymer backbones on the polymer’s selectivity towards metal ions. A series of alternating 

polymers were synthetized by coupling 1 eqv carbazole monomers with 1 eqv fluorene 

monomers (n=1, m=1); A series of random polymers were synthetized by reacting 1 eqv 

carbazole monomers and 4 eqv fluorene monomers (n=1, m=4). 

 

Figure 33 Carbazole unit 

N
H

* *

n

Poly(3,6-carbazole)
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Figure 34 Torsion angles of 3,6-dibromocarbazole and 2,7-dibromofluorene 

 

Figure 35 Designed conjugated polymer chains: fluorene-carbazole copolymers 

2 Choice of ligands: pyridine based ligands 

The parent pyridine-based derivatives are reported to have high affinity toward several metal 

ions to form highly stable complexes because of the rich electron donating ability of N atom[126-

127]. They are promising compounds to develop metal-complexing and metal-containing 

polymers for a wide variety of applications that range from filtration to catalysis. Thus, three 

pyridine-based ligands: pyridine-benzimidazole group, phenyl-benzimidazole group and 

2,2’,2’’-terpyridine group (Figure 37), were used to investigate their probing ability towards 

metal ions in aqueous media. The pyridine-benzimidazole group has already been used as a 

metal chelating ligand for luminescence application in our group. And the terpyridyl group 

were recently reported as optical sensing elements as pendant coordination site conjugated with 

the polymer backbone in several conjugated polymers and. It was found that a high sensitivity 

towards Cu2+[128-129], Ni2+[128],  Fe3+[128], , Fe2+[130-131],  or Zn2+ [131] could be found by emission 

spectroscopy. The selectivity was strongly related to the backbone structure[128]. 

 

Figure 36 Pyridine motif 

N

n m
= ligands to recognize analyte
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Figure 37 Chemical structures of pyridine-based ligands 

Thus, these three pyridines based ligands were used to modify the carbazole units and 

synthetize three monomers to chelate metal ions: M1 and M2 were synthetized by coupling 

pyridine-benzimidazole group and phenyl-benzimidazole group, respectively, with carbazole 

through an alkyl chain. The functionalization of M3 is relatively different with respect to that 

of M1 and M2. The coordinating terpyridine group is connected to the carbazole unit via a 

phenyl ring, resulting in a conjugated system between the two moieties. (Figure 38). 

 

Figure 38 Synthetized pyridine based monomer M1, M2 and M3 

We have thus effectuated the synthesis of two series of polyfluorene derivatives functionalized 

with three pendant coordinating groups to study their use both in solution and in solid state 

optical sensors for probing the presence of physiologically or environmentally important metal 

ions and calcium in an aqueous environment.  

I.5.2 Design of ohmic sensors 

The second part of this project is to elaborate resistive sensors to detect pollutants, especially 

heavy metal ions in water. For this purpose, we aim at combining conjugated polymers with 

multi-wall carbon nanotube (MWCNT). Conjugated polymers (CPs) are functionalized with 

special ligands to bind metal ions by coordination. Then we hybridize the CPs with MWCNT 

by non-covalent functionalization (Figure 39). These nanohybrides are supposed to react 

specifically to analytes according to the probe of the conjugated polymers. Once the probe on 
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the conjugated polymer binds he matching analyte, the induced local electronic perturbation 

induced will be transferred to the MWCNT through the π- π stacking between the CPs and 

MWCNT. Then MWCNT can efficiently transduce the electronic signal into electrical signal 

(Figure 40).  The CPs/CNT nanohybride is deposited between electrodes and integrated into 

electric circuit (Figure 40).  

 

Figure 39 Illustration diagram of electrical sensors 

 

Figure 40 (a) Illustration diagram of sensing mechanism   (b)Illustration diagram of dispositive 

Despite the extraordinary properties of SWCNT, their applications in industry are strongly 

limited by the lack of large-volume production capacity, the high cost, and the polydispersity 

in nanotube type[132]. Compared to SWCNT, MWCNTs are subject to less studies in the 

literature. However the MWCNT have relative low price (110 euros per g) compared to 

SWCNT (600 euros per g)[133], and they display metallic properties in terms of electrical 

conduction (SWCNTs display a mixture of metallic and semimetallic). The metallic properties 

of MWCNTs facilitate electron transfer along the tubes and make them more appropriate for 

the fabrication of a resistive device. Beside the intrinsic properties of polyfluorene listened in 

I.5.1, polyfluorene exhibits strong binding ability towards the CNTs surfaces as well as an 

excellent solubility and stability in solution. Moreover, thin films cast from polyfluorene-CNTs 

e-

a) b)
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materials are reported to exhibit a high degree of electrical conductivity[134]. Which make 

polyfluorene an ideal polymer to serve as the principal polymer chains of this work.  

To our knowledge, such resistor sensors for sensing in water has not been reported before.  
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We will describe in this chapter the mechanisms of polymerization of our products, the 

synthesis routes, the different series of polymers synthesized. We will also present the different 

characterizations performed. 

II.1 Design and synthesis of monomers 

The parent pyridine-based derivatives, such as 1, 10-phenanthroline, 2,2’:6’, 2”-terpyridine 

possess extremely high binding affinity toward many metal ions[135]. Thus, three pyridine 

derivatives: 2-pyridyl-benzimidazole, a 2-phenyl-benzimidazole and a 4-phenyl-terpyridyl 

moiety are chosen to N-functionalized the carbazole unit to synthesis functionalized monomers 

M1, M2 and M3, respectively. Their structures are presented in Figure 41.  

  

Figure 41 Chemical structures of synthesized monomers M1, M2 and M3 

Their synthetic routes are depicted on the Figure 42, as well as that of the intermediary products. 

M1 and M2 were isolated as follows: 2,7-dibromocarbazole was initially reacted with 

dibromohexane to yield 1[1] which was further reacted with 2-(2-Pyridyl)benzimidazole and 2-

Phenylbenzimidazole to afford M1[136] and M2, respectively. Monomer M3 was obtained from 

a 3-step procedure, which consisted in the synthesis of 4-(9H-carbazol-9-yl)benzaldehyde[137], 

which was subsequently brominated with N-bromosuccinimide. The resulting compound was 

reacted with 2-acetyl pyridine in the presence of ammonium hydroxide by Kröhnke-type 

condensation reactions to afford the desired M3 monomer. The synthesis conditions are detailed 

in Chapter IX Experimental section. 
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Figure 42 Synthetic routes of monomers M1, M2 and M3 

II.2 Synthesis of conjugated polymers  

Poly(9,9-di-n-hexyl-2,7-fluorene) (PF) and six of its derivatives were synthesized via a Suzuki-

Myiaura cross-coupling reaction with Pd(0) catalyst. They were designed by combining 

carbazole units with fluorene units in the backbone via Suzuki-Myiaura cross-coupling 

reactions. Hexyl sidechains were grafted onto fluorene moieties to yield satisfying solubility of 

the polymers in THF. While the carbazole unit was N-functionalized by a 2-pyridyl-

benzimidazole (P1 and P4), a 2-phenyl-benzimidazole (P2 and P5) and a 4-phenyl-terpyridyl 

moiety (P3 and P6), respectively, to investigate the influence of ligands on the metal ion 

recognition ability of the polymers. The six fluorene derivatives are classified into two series: 

P1, P2 and P3 are random copolymers with fluorene:carbazole ratios of 9:1 for P1 and P2, and 

9.7:0.3 for P3; P4, P5, and P6 are the corresponding alternating fluorene-alt-carbazole polymers. 

They were synthetized to investigate the ratio of ligand, thus the polymer backbone structure 

on the polymer sensitivity and selectivity towards different metal ions. 

II.2.1 Suzuki-Myiaura coupling 

The Suzuki coupling coupled the synthesized bromine derivative with commercial aromatic 

boronic acid esters. The aromatic group chosen for the boronic ester is a fluorine unit, which is 

widely known to form compound with good emission properties in the blue. And the bromine 

derivative is dibromocarbazole derivative. The catalytic cycle involved in the coupling 

mechanism is shown in Figure 43. The first step is the oxidative addition of palladium to the 

halide derivative 2 to form the organopalladium species (compound 3). The organopalladium 

reacts with base (Cs2CO3 or K2CO3 in our case) to give intermediate (compound 4). Then this 
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intermediate reacts with boronate complex 6 (produced by reaction of the boronic derivative 5 

with base) via transmetalation to form organopalladium species 8. Then the species 8 gives the 

desired product 9 and in the meantime, reproduce the original palladium catalyst 1, thus to 

complete the catalytic cycle. 

 

Figure 43 Mechanism of Suzuki coupling 

In this project, all polymers were synthetized by Suziki-Myiaura with Pd(PPh3)4 as catalyst, 

Cs2CO3 as base, and a mixture of DMF/water as solvent. This condition works well for the 

coupling of monomer M1, M2 and M3 with fluorene derivatives. However, optimization of 

reaction conditions (temperature, reaction time) has been effected for different batches of 

products to increase the reaction yield. 

II.2.2 Random copolymers and alternating copolymers 

The six fluorene derivatives are classified into two series: P1, P2 and P3 are random 

copolymers with fluorene:carbazole feed ratios of 4:1; P4, P5, and P6 are the corresponding 

alternating fluorene-alt-carbazole polymers with fluorene:carbazole feed ratios of 1:1. Their 

synthetic routes are presented in Figure 44[1]. 

Random copolymers were synthesized by reacting 1 equivalent of carbazole motif react with 

4 equivalents of fluorene motif. This series consist more fluorene unit in the polymer chain, 

which is supposed to increase the polymer solubility.  
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Alternating copolymers were synthesized by reacting 1 equivalent of carbazole motif react 

with 1 equivalent of fluorene motif. This series of polymers containing more ratio of ligands in 

the polymer backbone to coordinate with metal ions, which is supposed to increase the 

sensitivity of the polymers towards metal ions.  

 

Figure 44 Synthetic routes of random polymer and alternating polymer 

The chemical structures of all the synthesized polymers are presented in Figure 45. 

 

Figure 45 Chemical structure of synthesized polymers 

The polymerization yield of each polymer are listed in Table 5. For polyfluorene and its random 

copolymers, the yield of the polymerizations is around 60% which quite satisfying. However, 
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for the alternating polymers, their yield is much lower than their corresponding random 

polymers (P4 < P1, P5 < P2). This indicates that the insertion of carbazole units in the polymer 

chains will lower the polymerization yield. This is because of the higher torsion and lower 

solubility bring by the carbazole motif they are linked in position 3 and 6. 

Especially for P6, its solubility in common organic solvent is very poor. Which is due to high 

steric hindrance of the terpyridine group in the polymer. Thus, higher reaction temperature 

(*120°C) and longer reaction time has been applied for the synthesis of P6. 

Table 3 Polymerization yield 

Polymers Yield 
PF 60% 
P1 56% 
P2 45% 
P3 20% 
P4 10% 
P5 12% 
P6 30%* 

 

II.3 Characterizations of polymers 

The synthesized polymers were characterized by NMR and SEC analysis.  

II.3.1 Nuclear magnetic resonance (NMR) 

The 1H and 13C NMR data of polymers are presented in the experimental part. The NMR 

spectrum of polyfluorene is easy to analyze. While the NMR spectra of copolymer are more 

complicated. The signals aromatic protons often overlap and form board band. But the NMR 

spectra can help us to calculate the ratio of different ligand in the polymer chains. The ratio of 

carbazole motif compared to fluorene motif can be calculated by comparing the number of 

protons at 4.23 ppm attributed to Cz-H of carbazole motif with number of protons at 0.8 ppm 

attributed to CH3 of fluorene’s hexyl chain.  

Table 4 compares the feed ligand ratios and final ligand ratio in P1-P6. As Table 4 illustrates, 

the ligand ratio in P1 and P2 are calculated to be 11% instead of the feed ratio 20%. Which 

indicates that the dibromocarbazole derivatives M1 and M2 are less reactive than the 

dibromofluorene. This difference in reactivity could come from their different steric hindrance 

in the polymer chains[138]: the two bromes of carbazole are in position 3 and 6 of carbazole, the 

carbazole in the polymer chain is more twisted compared to the fluorene motif with two bromes 

in the position 2 and 7. And M3 ratio in P3 is calculated to be 3%. This ratio is obviously much 
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lower than those of P1 and P2. This low ratio could be attributed the introduction of bulky 

monomer terpyridine during polymerization[139]. Hereby reducing the relative reactivity among 

monomers because of its high steric hindrance. Moreover, the terpyridine monomer is not well 

soluble in the solvent, thus less terpyridine monomer was reacted compares to the 

dibromofluorene reactant.  

Table 4 Feed ligand ratios and final ligand ratio in synthetized polymers 

Polymers Feed ligand ratio Final ligand ratio 
P1 20% 11% 
P2 20% 11% 
P3 20% 3% 
P4 50% 50% 
P5 50% 44% 
P6 50% 50% 

 

II.3.2 Size-exclusion chromatography (SEC) 

The molecular weights of the polymers are determined by SEC. The SEC spectra of P1, P2 and 

P3 are presented in Figure 50. P1 and P2 show a band with a distinguishable shoulder, 

indicating two main mass distributions which could correspond to two kinds of polymers. As 

they are random copolymers which are synthetized from a mixture of dibromofluorene, 

dibromocarbazole, and diboronic ester fluorene, it is possible that a polymer containing only 

the fluorene motif and a fluorene-carabzole copolymer was obtained. This could come from the 

difference in reactivity of the dibromofluorene and dibromocarbazole derivatives used. This 

phenomenom is less marked for P3. The chromatogram of this polymer shows a symetrical 

distribution with a small shoulder at higher molecular weigths.  The latter could correspond to 

the desired polymer and the most intense one could correspond to the polyfluorene polymer. 

The relatively low intensity is in accordance with the lowest yield obtained for P3. 

The Mn molecular weights of 10.8, 6.7, 8.4, 3.1, 7.3 were obtained for P1, P2, P3, P4 and P5, 

respectively, indicating polymers formed (Table 5). The molecular weight of P6 was not 

obtained because its poor solubility in THF. The polydispersity index (PDI) is defined as 

Mw/Mn where Mw and Mn are the weight average and number average molecular weight. It is 

used as a measure of the breadth of the molecular weight distribution. PDI ranges from 1.5 to 

3.2 were obtained for the 5 polymers. The degree of polymerization (DP), is the number of 

repeat units in a polymer. It is defined as the ratio between the number average molecular 

weight (Mn) and the molecular weight of one motif (M0) as follows: DP = Mn/M0. The 

molecular weight of the motif is calculated with the ratio of ligand. For instance, in P1, the ratio 
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of M1 is determined to be 11%. The M0 is calculated to be 11%×MW M1 +
89%×MW(dihexylfluorene). However, the relative values of the molecular weights and the 

degrees of polymerization for different polymers are not representative because different baths 

of sample have been send for the SEC analysis and optimization of the polymerization 

conditions have been done during the time. Therefore, the GPC results are not further discussed 

here.  

 

Figure 46 SEC spectra of P1, P2 and P3 

Table 5 Polymer SEC characterization parameters 

Polymers Ligand ratio Mw (kDa) Mn (kDa) PDI DP 

P1  11% 30.5 10.8 2.8 30  

P2  11% 21.2 6.7 3.2 19 

P3  3% 1.6 8.4 1.9 25 

P4 50% 4.5 3.1 1.5 8 

P5  44% 16.9 7.3 2.3 18 

 

II.4 Conclusion 

The synthesis of different series of conjugated polymers were well achieved by Suzuki coupling 

with good yield (up to 60%). The NMR spectroscopy and the GPC confirmed insertion of 

functional monomers and the synthesis of the desired polymers. 
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III  
Photoluminescence 

study 
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III.1 Photoluminescence (PL) characterization 

III.1.1 Absorption, excitation and emission spectra of monomers 

Optical properties of the monomers were investigated using absorption and PL spectroscopies. 

The monomers solutions were prepared in tetrahydrofuran GPC grade. Monomer solutions with 

concentration C1=2.10-5 M were used for the absorption spectrum. Monomer solutions of 

C2=4.10-5 M were used for the emission and excitation spectra. 

1 M1 (pyridine-benzimidazole group) 

M1: (3,6-dibromo-9-(6-(2-(pyridin-2-yl)-1H-benzo[d]imidazol-1-yl)hexyl)-9H-carbazole) 

 

 

Schema 1 Chemical structure of M1 

M1 solution absorbs in the UV (Figure 47). Its absorption spectrum presents fours maxima at 

273 and 304, 344 and 362 nm, and one shoulder at 320 nm. It is, as expected, a combination of 

the absorption spectra of 2-(2-pyridyl)benzimidazole and carbazole as the two units are not 

conjugated with each other. The maxima at 273, 344 and 362 nm is attributed to carbazole motif 

(black group in Schema 1). While the maximum at 304 nm and the shoulder at 320 nm are 

attributed to pyridine- benzimidazole group (green group in Schema 1).  
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Figure 47 Absorption spectra of Carbazole, 2-pyridine benzimidazole and M1 (C=2.10-5 M ) 

By exciting the M1 solution with a UV light of 305 nm, it emits from UV to visible (320 nm to 

500 nm) with a peak at 373 nm and has a shoulder at 361 nm. M1 excitation spectrum is a band 

in UV with a peak at 320 nm and two shoulders at 296 nm and 313 nm. (Figure 48) 
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Figure 48 Absorption (C1=2.10-5 M), excitation and emission (C2=2.10-5 M) of M1  

2 M2 (phenyl-benzimidazole group) 

M2: 3,6-dibromo-9-(6-(2-phenyl-1H-benzo[d]imidazol-1-yl)hexyl)-9H-carbazole 

 

 

Schema 2 Chemical structure of M2 

M2 solution absorbs in the UV (Figure 49). Its absorption spectrum presents four maxima at 

273 and 303 nm, 345 nm and 363 nm. And one shoulders at 294. Its absorption spectrum is a 

combination of carbazole and 2-(2-pyridyl)benzimidazole as well The maxima at 273, 345 and 
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364 nm is attributed to carbazole motif (black group in Schema 2). The maximum at 303 nm 

and the shoulder at 294 nm are attributed to phenyl-benzimidazole group (green group, Schema 

2).  

 

Figure 49 Absorption spectra of Carbazole, 2-phenyl benzimidazole and M2  (C=2.10-5 M) 

By exciting M2 solution with a UV light of 305 nm, it emits from UV to visible (320 nm to 500 

nm) with two peaks at 346 and 360 nm and has a shoulder at 332 nm. The excitation spectrum 

of M2 is a band in UV with a peak at 316 nm and one shoulder at 310 nm (Figure 50). 
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Figure 50 Absorption (C1=2.10-5 M), excitation and emission (C2=2.10-5 M) of M2 

3 M3 (terpyridine group) 

M3: (4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)-terpyridine] 

 

Schema 3 Chemical structure of M3 

M3 solution absorbs in the UV (Figure 51). Its absorption spectrum presents maxima at 270, 

292 302, 318 and 355 nm with decreasing intensity in the range 250-400 nm. Its absorption 

spectrum is not a simple combination of carbazole and terpyridine. This is because that the 
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coordinating terpyridine group is connected to the carbazole unit via a phenyl ring, resulting in 

a conjugated system between the two moieties.  

 

Figure 51 Absorption spectra of Carbazole, 4-chloro-terpyridine and M3 (C =2.10-5 M) 

By exciting the M3 solution with a UV light of 330 nm, it emits from UV to visible (350 nm to 

550 nm) with a band at 410 nm. The excitation spectrum of M3 is a band in UV with a peak at 

332 nm and one shoulder at 296 nm (Figure 52).  
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Figure 52 Absorption (C1=2.10-5 M), excitation and emission (C2=2.10-5 M) of M3 

III.1.2 Absorption, excitation and emission spectra of polymers 

Optical properties of the polymers were investigated using absorption and PL spectroscopies 

as well. The polymers solutions were prepared with tetrahydrofuran GPC grade. Polymer 

solution with concentration C1=0.1 mg/ml was used for the absorption spectrum. And polymer 

solution of C2=5 µg/ml was used for the emission and excitation spectra. 
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1 Homopolymer (Polyfluorene) 

 

Figure 53 Absorption (C1=0.1 mg/ml), excitation and emission (C2=5 µg/ml) of Polyfluorene  

The polyfluorene solution has a broad absorption spectrum (Figure 53) ranging from visible 

(430 nm) to near and medium UV with a maximum at 386 nm. This band is characteristic for 

strong π-π* transition. The band is broad and linked to a strong conjugation along the polymer 

chain. 

Its emission spectrum consists of a band in the blue region. The band has two maxima at 422 

nm and 446 nm and a shoulder at 477 nm. The most intense maximum at 422 nm can be 

attributed to the transition (0-0) of the vibrational state V0 from the singlet excited state S1 to 

the vibrational state V0 of the ground state S0. The other maximum and shoulder at 446 and 477 

nm are due to transitions to other vibrational states of the ground state (0-1) and (0-2). Its 

excitation spectrum consists a band from 280 nm to 420 nm with a maximum at 388 nm. 

2 Fluorene-carbazole copolymers  

As previous explained, two series of fluorene-carbazole copolymers have been synthesized. P1, 

P2 and P3 are the random copolymers containing M1, M2 and M3, respectively. And P4, P5, 

P6 are their corresponding alternating copolymers (Schema 4). 
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Schema 4 Chemical Structures of synthesized polymers 

The absorption spectra and emission spectra of the polymers are shown in Figure 54 and Figure 

55.  

The random copolymers P1, P2 and P3 have very similar absorption spectra to polyfluorene, 

with only a very tiny shift to the blue. This is due to the insertion of carbazole motif that induces 

a diminution in the length of conjugation in the polymer chain. The carbazole motifs are linked 

in the chain at their 3 and 6 positions, while the fluorene motifs are linked in the chain at their 

2 and 7 positions. So, the carbazole polymer chain is more twisted compared to the fluorene 

polymer chain thus the length of conjugation of polymer chain containing carbazole motif is 

shorter compared to polyfluorene chain. This can be confirmed by the fact that the absorption 

spectra of P1 and P2 are blue shifted compared to P3. According to the RMN spectra of these 

polymers, the carbazole motif percentages in P1 and P2 are around 11% and the carbazole motif 

percentage in P3 is only 3%. The more carbazole motifs are inserted in the polymer chain, the 

shorter will be the conjugation length, and the more the absorption spectrum shifted to the blue. 

The spectra of the alternating copolymers are more shifted to the blue with band around 350 

nm. This is due to the interruption of fluorene segment conjugation by the insertion of carbazole 

motif. In the alternating copolymers, the nature of the conjugation chain is no longer fluorene 

segments but fluorene-carbazole segments. The band around 350 nm which is attributed to the 

π-π* transition of the fluorene motif. There is also another shoulder or peak around 310 nm, 

which is attributed to the π-π* transition of the carbazole motif[1].  

 



 

 
 63 

 

Figure 54  Normalized absorption spectra of synthetized polymers 

The random polymers P1, P2 and P3 have very similar emission spectra to polyfluorene. This 

indicates that emission of these polymers is mainly due to the fluorene segments. While for the 

alternating P4 and P5, their spectra are more evidently shifted to the blue (420 nm to 402 nm). 

Besides that, the relative intensities between the first maximum (402 nm) and the second 

maximum (420 nm) is smaller. The difference in emission spectra is due to the different 

conjugation segments in the polymer chain (carbazole-fluorene conjugation). Polymer P6 has 

a different emission spectrum from the other polymers. It emits from 380 nm to 600 nm with a 

broad band centers around 450 nm. This is the consequence of the migration of electron density 

from the carbazole donor groups towards the terpyridyl acceptor, resulting in intramolecular 

charge transfer (ICT) interactions and a bathochromic shift[140]. 
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Figure 55 Normalized emission spectra of synthetized polymers 

Table 6 summarizes the absorption and emission maxima of the different polymers. 

Table 6 Optical properties of polymers 

No. λmax(abs)a 
(nm) 

λmax(PL) (nm) b 
 

Stokes shiftc  

PF 388 422 34 

P1 377 421 44 
P2 375 420 45 
P3 382 421 39 
P4 314 402 88 
P5 346 404 58 
P6 353 450 97 

a Polymer solution in THF solution (0.1 mg/ml)  

b The excitation wavelength used for PF, P1, P2 and P3 was 380 nm. and P6. And was 390, 

370, 370, 360 nm for P3, P3, P5 and P6, respectively. 
c Stocks shift = PL/nm – UV/ nm 

III.2 Conclusion 

The photoluminescence study has shown that PF and its six derivatives are all emitters in the 

blue. It also studied the influence of the insertion of carbazole motif in the backbone on the 
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polymers’ emission properties. For the random series polymers P1, P2 and P3, their emission 

spectra are very similar to the emission spectrum of PF, indicating that emission of these 

polymers is mainly due to the fluorene segments. While for alternating series polymers, their 

emission bands are more shift to the blue due to the different conjugation segments in the 

polymer chain (carbazole-fluorene conjugation). Polymer P6 has a different emission band 

from all the other polymers, resulting from the ICT interaction between the terpyridine group 

and the polymer backbone.  
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Previous Chapter has detailed the synthesis Poly(9,9-di-n-hexyl-2,7-fluorene) (PF) and six of 

its derivatives. Then the different polymers were investigated as responsive materials for the 

optical sensing of metal ions in an aqueous medium. The influence of the three groups attached 

to the carbazole unit on the coordination ability of the polymers towards metal ions in a 

THF/water environment was first probed by investigating the optical responses (absorption and 

emission) of the monomers solutions in presence of the ions. Then, titrations of aqueous 

solutions of these ions were made with polymer solutions in THF by emission spectroscopy. 

Influence of both the amount of the coordinating group and the polymer backbone structure 

was investigated by comparing the two series of random and alternating polymers.  

Titrations were performed in THF polymer solutions to which aqueous solutions of AlCl3, 

CaCl2, CdCl2, CuSO4, FeCl2, FeCl3, HgCl2, MgCl2, NiCl2 , ZnCl2 and PbI2 were added.� 

Firstly, the absorption of these metal solutions in THF were investigated. 

IV.1 Absorption of metal solutions in THF 

50 µl of 5.10-3 M metal solution dissolved in distilled water were added (except for PbI2 solution, 

250 µl of 1.10-3 M solution was used, due to the low solubility of PbI2 in water) to 2 ml of GPC 

grade THF to obtain their absorption spectra in THF (Cfinal =1.25.10-4 M). Their absorption 

spectra are summarized in Figure 56 and are reported in 56Figure 53Schema 44Figure 54Figure 

555656Table 66Table 7. Table 9 calculates the molar absorptivity of each metal solution in 

THF and Table 9 lists the value of difference absorbance and their corresponding intensity ratio 

I/I0 calculated with the Beer-Lambert Law: A= log(I/I0) =e l c, where I is the transmitted light 

intensity, and I0 is the incident light intensity, e is the molar absorptivity or molar extinction 

coefficient and is a measure of the probability of the electronic transition, l is the length of the 

light passes through (cm), c is the concentration of solution (M). It indicates the percentage of 

light absorbed by metal solutions at different wavelength. 

The spectra showed that PbI2, FeCl2, FeCl3 and CuSO4 in THF absorb in the same zone as the 

synthesized monomers and polymers (250 - 500 nm). Among them, 1.25.10-4 M CuSO4 absorbs 

very less in this zone (absorbance lower than 9% of the incident light); 1.25.10-4 M FeCl2 and 

FeCl3 solutions absorb around 50% in the 300 – 360 nm range, which means they absorb a part 

of the incident light; and 1.25.10-4 M PbI2 absorbs up to 96% of the incident light in this zone. 

These results indicate that FeCl2 and FeCl3 absorptions will interfere the monomer and polymer 

PL titrations. Especially they will mask the variations during the absorption titrations of 
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monomers. Thus, the two salts were not used in the monomer absorption titration. And as PbI2 

absorbs intensely in the absorption and emission zones of synthesized monomers and polymers. 

It was thus neither used in the PL titration of monomers nor polymers.  

 

Figure 56 Absorption spectra of metal ions solutions in THF 

Table 7 Absorbance of metal solutions 1.25.10-4 M in THF 

Absorbance 305 nm 356 nm 360 nm 380 nm 

PbI2 
 

1.45 0.80 0.86 0.74 

FeCl2 0.32 0.34 0.35 0.20 

FeCl3 0.30 0.26 0.28 0.20 

CuSO4 0.05 0.03 0.03 0.02 

Table 8 Molar attenuation coefficient of metal solutions in THF 

e (M−1·cm−1) 305 nm 356 nm 360 nm 380 nm 

PbI2 11600 6400 5920 6880 

FeCl2 2560 2720 1600 2800 

FeCl3 2400 2080 1600 2240 

CuSO4 400 240 160 240 
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Table 9 Absorbance and I/I0 conversion 

Abs I/I0 Light absorbed (%) 
0.04 0.91 9 
0.1 0.79 21 
0.3 0.50 50 
0.5 0.32 68 
0.8 0.16 84 

1.45 0.04 96 

IV.2 Titration of monomers with metal ions by absorption and 
fluorescence spectroscopies 

The experiment procedure is to add 10 µl then 50 µl 5 .10-4 M (2.5 eqv. and 12.5 eqv) of the 

metal ion solutions into 2 ml of 1.10-5 M monomer solution in THF. The PL spectra of the 

solutions were immediately recorded after the addition of the metal solution to the monomer 

solution.  

As discussed in Section IV.1, 1.25 .10-4 M of FeCl2 and FeCl3 have non-negligible absorbance 

in THF. Their absorption will mask the variation of monomers absorptions when adding metal 

ions.  Thus, they were not used in the monomers absorption titrations.  

Hence only 9 metal solutions were investigated in the monomer absorption titrations: AlCl3, 

CaCl2, CdCl2, CuSO4, HgCl2, MgCl2, NiCl2 and ZnCl2. 

IV.2.1 M1 

 

1 Absorption response 

Absorption spectra of M1 and their solutions upon addition of an excess (12.5 eqv) of metal 

ions are reported on Figure 57. M1 spectra show no visible change after addition of an excess 

of Cd2+, Hg2+, Mg2+, Al3+ and Zn2+. Increasing the quantity of Cu2+ and Ca2+ ion from 0 to 12.5 

eqv resulted in a decrease of the absorbance of the peaks at 275 nm and 305 nm (Figure 58(a) 
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(b)). Absorbance of the band around 360 nm increased. An isosbestic point at 322 nm appeared, 

indicating the formation of a new complex. The addition of 2.5 eqv Ni2+ ion also induced an 

isosbestic point at 320 nm (Figure 58 (c)). Further increment of the Ni2+ ion causes no more 

change in the absorption. This indicates that the equilibrium between Ni2+ ion and M1 is already 

reached at 2.5 eqv. This result indicates that interaction between the monomer and Ni2+, 

Cu2+ and Ca2+ ions occurred with formation of new species. And less stoichiometry of Ni2+ 

ion is necessary to complex with M1 compared to Cu2+ and Ca2+. As we are interested in the 

interaction while not the stoichiometry between monomers and different metal ions so no 

further experiments were done to determine the stoichiometry of M1 with the three metal ions. 

 

Figure 57 Absorption response of M1 to 12.5 eqv various metal ions  

 

Figure 58 Absorption response of M1 to (a) Cu2+ (b) Ca2+ (c) Ni2+ 
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2 Fluorescence response 

The interaction with Ni2+ and Cu2+ ions was confirmed by similar studies done by monitoring 

the emission of the monomer solution with an excess of metal ions. The emission spectra of 

M1 and M1 solutions containing 2.5 eqv and 12.5 eqv metal ions are shown in Figure 59. 

Addition of 2.5 eqv of Ni2+ quench 50% of M1’s fluorescence. Which was quite large compared 

to the quenching caused by other ions. Addition of 2.5 eqv of Cu2+ quench 50% of M1’s 

fluorescence. Higher quantity of these two ions induced more fluorescence quenching: the 

addition of 12.5 eqv of a solution of the metal salts resulted in a 60% and 35% quenching of 

the luminescence of M1 with NiCl2 and CuSO4, respectively. As can be seen from the figure 

12.5 eqv, a loss of about 10% of the intensity was observed after addition of Ca2+, which mainly 

corresponds to dilution. The 50% decrease in the monomer emission was also observed with 

12.5 eqv of Fe2+ 
and Fe3+ 

solutions. However, it is mostly due to absorption of the salts. The 

emission titrations show that M1’s fluorescence is gentle altered upon coordination of 

Cu2+ and strongly altered by Ni2+. M1’s fluorescence is not sensible to Ca2+ ion even the 

coordination between these M1 and Ca2+ has been confirmed by the absorption titration. 

 

Figure 59 Emission response of M1 to various metal ions 2.5 eqv & 12.5 eqv (Excitation: 305 nm) 

Discussion: As explained in Chapter I, Section I.2.2 Fluorescent Sensors-Sensing mechanisms: 

d-block metals Ni2+ and Cu2+ exhibit rich redox activity and half half-fill orbitals, thus they 

could quench fluorophore fluorescence through electron transfer mechanism and energy 

transfer mechanism upon binding the ligand. The Ca2+ ion has a 4s2 configuration, avoiding the 

energy transfer mechanism. Ca2+ doesn’t have redox activity and could not be involved in 

electron transfer. Thus, it is not surprising that M1’fluorescence was not altered by Ca2+ ion 

even complexed was formed between M1 and Ca2+ ion. 
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Conclusion: The absorption titrations of M1 with various metal ions indicate that M1 

coordinates with Ni2+, Cu2+ and Ca2+. Among the three metal ions, M1’s fluorescence is 

quenched by Ni2+ and Cu2+.  

IV.2.2 M2 

 

1 Absorption response 

Same experiments were conducted with M2. The absorption spectra of M2 in THF and M2 

solutions added with 12.5 eqv metal ions are presented in Figure 60. Upon exposure to these 

metal ions, no significant change in intensity or spectra pattern of M2 was observed, thus no 

complex formation can be identified from these experiments.  
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Figure 60 Absorption response of M2 to 12.5 eqv various metal ions 

2 Fluorescence response 

The emission spectrum of M2 and M2 solutions with 2.5 eqv and 12.5 eqv metal ions are shown 

in Figure 61. The fluorescence intensity and spectral pattern of M2 shows no obvious change 

upon addition of Ca2+, Cu2+, Mg2+, Ni2+, Cd2+, Hg2+ and Zn2+. As shown above, Fe2+ and Fe3+ 

ions can absorb the incident light and the M2’s emission light, thus inducing a decrease in M2 

fluorescence. Figure 56 and Figure 5656Figure 53Schema 44Figure 54Figure 555656Table 

66Table 7Table 9Table 9567Table 8 indicated that FeCl2 has higher molar extinction 

coefficient than FeCl3 in THF, thus the light absorbed by the Fe3+ ion is lower than he light 

absorbed by the same quantity of the Fe2+ ion. However, Figure 61 reveals that more M2’s 

emission light has been quenched by Fe3+ ion than with the same quantity of the Fe2+ ion. This 

indicates that the Fe3+ ion has slightly awakened M2’s fluorescence. It can also be seen from 

Figure 61 that the Al3+ ion induces a decrease in M2 fluorescence. In fact, the effect of Al3+ is 

more complicate than just a simple quenching on M2’ fluorescence as indicated by  Figure 62. 

Adding 2.5 eqv of Al3+ to a M2 solution, 35% of M2 fluorescence is quenched. But by adding 

another 10 eqv of Al3+ to the previous solution, the solution recovers part of its lost fluorescence. 
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A tentative explanation of this variation in fluorescence is that Al3+ can interact with M2 to 

form several species with different quenching effect on the medium, and these new species 

having similar absorption spectra as M2 thus no variation in absorption spectra has been 

observed. 

 

Figure 61 Emission response of M2 to various metal ions 2.5 eqv & 12.5 eqv (Excitation: 305 nm) 

 

 Figure 62  Emission response of M2 to Al3+ 

Discussion and Conclusion: To resume, M2 fluorescence is slightly altered by the two 

trivalent metal ions tested: Al3+ and Fe3+. However, no formation of new species has been 
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identified from the absorption spectra. Compared to M1, M2 do not show any sensitivity 

towards Ni2+, Cu2+ and Ca2+. It reveals the important role of the nitrogen atom in the pyridine 

moiety on its coordination ability towards these three roles. 

IV.2.3 M3 

 

1 Absorption response 

The absorption spectra of M3 and M3 solutions with 12.5 eqv metal ions are shown in Figure 

63. As shown in the figure, M3 absorption is altered by Zn2+, Cd2+, Cu2+ and Ni2+ ions. The 

presence of Zn2+, Cd2+ and Ni2+ ions lead to 2 isosbestic points at 288 nm and 325 nm, 

respectively, while a isosbestic point at 358 nm appeared with the Cu2+ ions (Figure 64). These 

experiments indicate that M3 coordinates to these four ions with formation of new 

complex. 
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Figure 63 Absorption response of M3 to various metal ions 
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Figure 64 Absorption response of M3 to (a) Zn2+ (b) Cd2+ (c) Ni2+ (d) Cu2+ 

2 Fluorescence response 

Emission spectra of M3 and M3 solutions obtained after addition of 2.5 eqv and 12.5 eqv metal 

ions solutions are reported on Figure 65. They confirm the interaction of M3 with these four 

ions plus Fe2+ ion. Addition of 12.5 eqv of Cu2+, Ni2+ and Fe2+ can even quench up to 90% of 

the monomer emission that shows a maximum at 410 nm (Figure 65 (b)). The effect of Cd2+ 

and Zn2+ is even more spectacular as the emission band of the monomer showing a maximum 

at 410 nm disappeared and a new emission centered at 500 nm with an ca 450% increase in 

intensity.  
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Figure 65 Emission response of M3 to various metal ions 2.5 eqv & 12.5 eqv (Excitation: 330 nm) 

Discussion: Ni2+, Cu2+ and Fe2+ can quench M3 fluorescence both through an electron transfer 

mechanism and an energy transfer mechanism. While for Zn2+ and Cd2+ (d10 configuration, no 

redox activity), as discussed in Chapter I, Section I.2.2 Fluorescent Sensors-Sensing 

mechanisms, couldn’t be involved in an energy transfer mechanism nor in an electron transfer 

mechanism. After adding Zn2+ and Cd2+ to M3, the PL spectrum of the complex showed a 

significant bathochromic shift and the fluorescence intensity revealed a remarkable 

enhancement.  The red shift in emission spectra may be due to intramolecular charge transfer 

(ICT) effect. The coordination of terpyridine-based compounds with Zn2+ changes the electron-

withdrawing ability of the terpyridine unit, thus facilitating the occurrence of the ICT process 

and red shift of the emission peak[141]. In the free ligand, the lone electron pairs of the N atom 

in terpyridine results in an intramolecular photoinduced electron transfer (PET), which induce 

the fluorescence quenching in the unbound state. The significant enhancement of fluorescence 

of bound ligand could be attributed to chelation-enhanced fluorescence (CHEF) effect on the 

PET effect (“Turn-On sensor” in Chapter I, Section I.2.2 Fluorescent Sensors-Sensing 

mechanisms).  

Conclusion: M3 can coordinate with Ni2+, Cu2+, Zn2+ and Ca2+. Zn2+ and Cd2+ cause a 

significant bathochromic shift of M3 PL spectra. Ni2+ and Cu2+ can quench M3 fluorescence 

but they could not cause a bathochromic shift of M3 emission spectrum.  

IV.2.4 Conclusion 

These measurements on monomers reporting on the spectroscopic behavior of the three 

molecular compounds in the presence of calcium and metal ions are a first indication on the 

possibility of interaction between the functional groups and some of the ions investigated. The 
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sensitivity of each monomer towards metal ions are summarized in Table 10. They particularly 

show that M1 and M3 are interesting candidates for designing more elaborated sensor materials. 

Their corresponding conjugated polymers’ photoluminescence responses to different cations 

were successively investigated for the elaboration of optical sensors. 

Table 10 Sensitivity of monomers towards metal ions 

Monomer Sensitivity to ion 

M1 Ni2+, Cu2+, Ca2+ 

M2 Al3+, Fe3+ 

M3 Ni2+, Cu2+, Zn2+, Cd2+, Fe2+ 

 

IV.3 Titration of polymers with metal ions by fluorescence 
spectroscopy 

As described in the previous Chapters, six polymers were synthesized from the three monomers. 

Their structures are presented in Figure 66. Three random copolymers were obtained with a 

fluorene:carbazole monomer ratio of 9:1 for P1 and P2 with M1 and M2, respectively, and a 

ratio of 9.7:0.3 for P3 with M3. Three alternating fluorene-co-carbazole polymers, P4, P5 and 

P6 were also synthesized with M1, M2, and M3, respectively. Fluorescence titrations of the 

six polymers were performed to investigate the roles of the three pendant functional groups 

and the polymer backbone structure on the polymers’ ion recognition ability. For comparison, 

fluorescence titration measurements were also done on Poly (9,9-di-n-hexyl-2,7- fluorene, PF) 

to highlight the impact of the pendant functional groups on the polymer emission in the 

presence of the metal ions.  

 

Figure 66 Structure of polymer structures 

The polymers solutions were prepared in THF GPC grade and the metal salts were dissolved in 

DI water. Polymer titrations were done by adding the metal ion solution to a fluorescence 
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cuvette containing 2 ml of 5 µg/ml polymer solution in THF. All optical measurements were 

conducted immediately after the test solutions were prepared and thoroughly mixed.                                                           

IV.3.1 Preliminary experiments 

1 Polymer solution concentration  

First we need to choose an appropriate concentration for the polymer solution. If the polymer 

solution is too diluted, then its fluorescence will be too weak. In this case, the influence of the 

instability of the fluorescence machine will be important (high error bar) and the quantity of 

polymer might be too low to detect the ions in the concentration range of interest. If the polymer 

solution is too concentrated, the fluorophores in the solution will be too close to each other. In 

this case the polymer will absorb the emitting light of the adjacent polymer, thus the 

fluorescence intensity is not proportional to the fluorophore concentration. 

Figure 67 shows the relation between fluorescence intensity and polymer concentrations for P1. 

4 solutions with different concentrations were prepared: 2 µg/ml, 5 µg/ml, 10 µg/ml and 50 

µg/ml. Figure 67 shows that when the concentration is between 2 µg/ml and 10 µg/ml, the 

fluorescence intensity increases almost linearly with the concentration, while by increasing the 

polymer concentration from 10 µg/ml to 50 µg/ml, the PL intensity decreases from 8.10-6 to 

6.10-6. This indicates that 50 µg/ml is too concentrated and some of the emission emitted by the 

polymer is absorbed by the polymer itself. So, the appropriate range of concentration is between 

2 µg/ml and 10 µg/ml. Here we chose 5 µg/ml. 

 

Figure 67 Fluorescence intensity for different P1 concentrations (Excitation: 380 nm, Emission: 420 nm) 
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2 Fluorescence machine instability (experiment error bar): 

The stability of the fluorescence machine was also studied. The fluorescence of a polymer 

solution was recorded 10 times to investigate the error bar of the experiment. In this project 

two different fluorescence machines were used: one at Ecole polytechnique (HORIBA Jobin 

Yvon Spectrofluorometer Model Fluoromax) and of ENS Paris-Saclay, Laboratory PPSM 

(HORIBA Jobin Yvon Spectrofluorometer Model Fluoromax-4). The fluorescence machine at 

Ecole polytechnique has 4% instability in its fluorescence intensity (Figure 68 (a)). So, the error 

bar of the fluorescence machine at Ecole polytechnique is 2%. The fluorescence spectrometer 

at ENS Paris-Saclay is more stable with an error bar of 0.2% (Figure 68 (b)). 

 

Figure 68 (a) Stability of fluorescence the spectrometers at Ecole polytechnique (b) machine at ENS Paris-

Saclay 

Polymer titration procedure: The experiment procedure is adding 0 - 100 µl 5.10-4 M of the 

metal ion solutions into 2 ml of 5 µg/ml polymer solution. The corresponding metal ions 

concentrations ranges from 0 to 2.5.10-5 M. The fluorescence of the solution was immediately 

recorded after addition of the metal solutions to the polymer solution.  

The wavelengths of the excitation light are determined by the maximum of polymers’ 

absorption spectrum (Chapter III Photoluminescence study): For PF, P1, P2 and P3 (Random 

polymers): A UV light of 380 nm was used to excite the polymer solution. For P4, P5 and P6 

(Alternating polymers): A UV light of 360 nm was used to excite the polymer solution. The 

slit widths used for all the polymer titrations were 2 for entrance gate and 1 for the exit gate. 

a) b)
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IV.3.2 Titration of metal ions with Polyfluorene 

 
The variation of PF emission intensity after addition of solutions of Al3+, Ca2+, Cd2+, Cu2+, Fe2+, 

Fe3+, Hg2+, Mg2+, Ni2+, and Zn2+ 
is reported on Figure 69. A slight decrease of the polymer 

emission was observed. As highly diluted polymer solutions were used, addition of the ion 

solutions dilutes the starting polymer solution and decreases the emission intensity by dilution 

effect. This is confirmed when the same volumes of deionized water (50 µl) were added to the 

PF solution (black curve, Figure 69). The decrease in intensity was 2-9% with the cations, 

while it was 8% with the same volume of water. This indicates that the decrease in intensity is 

mostly due to dilution of the polymer solution. PF fluorescence is not altered by the different 

cations as there is no ligand in the polymer to interact with the cations.  

  

Figure 69 Emission Response of PF to metal ions (Excitation: 380 nm) 
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IV.3.3 M1-fluorene derivatives polymers  

 

1 Titration of metal ions with P1 (Random polymer) 

The variation of P1 emission intensity with concentrations of the ten ions ranging from 0 to 

2.5.10-5 mol/L is presented in Figure 70. It shows that, among the ions investigated, Cu2+ 
and 

Ni2+ 
ions have the most remarkable influence on P1 emission. It decreases by 45 and 25% (at 

saturation) for the Cu2+ 
and Ni2+ 

ions, respectively. While the decrease in intensity is comprised 

in the range 5-12% for the other metal ions and water. A decrease in polymer emission of about 

20% was observed with the Fe2+ 
and Fe3+ 

ions, which is around 10% more than with the other 

ions. This is due to absorption of these two salts. The full titration curves of P1 versus Cu2+ and 

Ni2+ 
ions are presented in Figure 71. It indicates that the fluorescence of P1 decreases with 

increasing increments of Cu2+ 
and Ni2+ 

ions until saturation (By saturation, we mean that the 

intensity remains constant after further addition of the metal ion solution). This experiment 

shows that emission spectroscopy is suitable to selectively detect the Cu2+ and Ni2+ 
ions with 

P1 over the other investigated cations.  
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Figure 70 Emission response of P1 to metal ions (Excitation: 380 nm)  

 

Figure 71 Emission response of P1 to Cu2+ & Emission response of P1 to Ni2+ 

2 Titration of metal ions with P4 (Alternating polymer) 

The alternating fluorene-co-carbazole polymers P4 was also investigated.  The goals were to 

introduce a highest amount of the functional monomers, and to evaluate the influence on the 

photophysical properties of the polymers brought by the backbone structural change. Indeed, 

the regular alternation of carbazole and fluorene units within the polymer chain was expected 

to modify the position of the energy levels of the excited states of the polymers with respect to 

their random counterparts. These changes were thus anticipated to increase (with more binding 

sites per polymer chain) or modify the sensitivity of the polymers and, to some extent, tune 

their sensing properties.  
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Figure 72 represents the emission response of P4 to various metal ions. Effectively, when 

switching from P1 to P4, the quenching caused by some metal ions is more remarkable. The 

emission intensity of P4 dropped down to ca 20% of the initial value after addition of 2.10-5 M 

solutions of Cu2+ and Ni2+ with saturation reached for Ni2+ and almost saturation for Cu2+. With 

the same amount of metal ion, the decrease in intensity previously obtained for P1 with the Ni2+ 

and Cu2+ ions were only 30 and 45 %, respectively. This shows that an improvement of the 

sensitivity was obtained with P4. Also, it can clearly be seen that saturation is obtained for a 

Ni2+ concentration of 1.10-5 M, while it was obtained at approximately 2.5.10-6 M with P1. This 

corresponds to the 4-fold increase of the functionalized carbazole when going from P1 to P4. 

Thus, P4 is saturated at a higher concentration of metal ion which is attributed to the higher 

quantity of coordinating sites. In addition, sensitivity to the Ca2+ and Al3+ ions were also 

observed with P4. The polymer emission intensity decreased down to ca 40% for Al3+ and 50% 

for Ca2+ of its initial value when saturation is reached. This sensitivity to Ca2+ is consistent with 

the absorption spectrum of M1 that was modified when a solution of Ca2+ ions was added. The 

sensitivity of P4 to Cu2+ is in contrast with a previous report on a similar alternating polymer 

bearing octyl chains branched on the fluorene unit for which the luminescence was found to be 

hardly quenched by Cu2+.[136] The difference in P1 and P4 selectivity towards metal ions 

confirms the importance of the backbone structure in the design of conjugated polymers as 

optical sensors[142]. 

  

Figure 72 Emission response of P4 to various metal ions (Excitation: 360 nm) 
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IV.3.4 M2-fluorene derivatives polymers 

 

1 Titration of metal ions with P2 (Random polymer) 

The same titrations were performed with P2. They are reported on Figure 73. Variations 

between 3 and 10% of the initial polymer intensity was obtained. Even though M2 emission 

was found to be impacted by the Al3+ and Fe3+ ions, the fluorescence of P2 was not remarkably 

altered by these two ions in the range of concentration studied. These results lead to the 

conclusion that P2 is not suitable for sensing these ions with a satisfying sensitivity. They show 

that changing a pyridine moiety for a phenyl group does not bring any selectivity and is 

particularly detrimental to the detection of the Cu2+ and Ni2+ ions with respect to P1. This 

corroborates the study presented above for the monomers. 

 

  

Figure 73 Emission response of P2 to metal ions (Excitation: 380 nm) 
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2 Titration of metal ions with P5 (Alternating polymer)  

No significant change was observed with P5 with respect to P2 (Figure 74), confirming the 

inability of the phenyl-benzimidazole group to interact efficiently with the investigated ions.  

 

  

Figure 74 Emission response of P5 to metal ions (Excitation: 360 nm) 

IV.3.5 M3-fluorene derivatives polymers 

 

1 Titration of heavy metals with P3 (Random polymer) 

Remarkable changes were obtained with P3 that possesses a terpyridyl coordinating group 

linked to the polymer backbone via a phenyl moiety. Figure 75 shows that a significant decrease 

in P3 luminescence intensity was observed after addition of the Zn2+ (23%), Fe2+ (18%), Ca2+ 

(20%), Ni2+ (24%), Cu2+ (25%), and Al3+ (25%) ions. The percentages indicated in brackets 

refer to the decrease in intensity with respect to the emission intensity of the starting polymer 

solution. These results correlates with the literature reported on the high sensitivity of terpyridyl 
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group as pendant coordination site in conjugated polymers towards Cu2+ [143], Ni2+ [144], or Zn2+ 

[145] found by emission spectroscopy. Sensitivity towards Fe3+ [146],[147] has also been reported. 

The different selectivity of the same pendant group was strongly related to the backbone 

structure of the conjugated polymer[148].  

 

  

Figure 75 Emission response of P3 to metal ions (Excitation: 380 nm) 

2 Titration of heavy metals with P6 (Alternating polymer) 

  

Figure 76 Emission response of P6 to various metal ions (Excitation: 360 nm, Emission Intensity: 444 nm) 

As a general trend, P6 emission was more efficiently quenched with respect to the 

corresponding random P3 polymer. The luminescence was almost totally quenched with the 
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Ni2+, Zn2+, Cu2+ and Cd2+ ions, while it dropped down to 10 % (Fe2+), 14% (Al3+, Ca2+), 41% 

(Fe3+). Here also, these results contrast with a recent report with poly(metaphenylene-alt-

fluorenes) whose luminescence was hardly quenched by the Cu2+, Zn2+, and Cd2+ ions, and 

confirm the importance of the conjugated backbone structure[149]. No significant decrease in the 

polymer emission was observed for the Mg2+ and Hg2+ ions. Remarkably, the formation of a 

complex between the Zn2+ ions and P6 is highlighted by the presence of a new band centered 

at 585 nm (Figure 77). This is commonly observed with conjugated polymers bearing terpyridyl 

groups[150],[151],[152],[153], where coordination of the Zn2+ ion results in a facilitated intramolecular 

charge transfer from the carbazole to the terpyridyl unit[154]. A similar result was observed with 

Cd2+, as an emission band centered at 585 nm also appeared. Complete quenching of the band 

centered at 450 nm and occurrence of the band at 585 nm makes possible a discrimination of 

the Zn2+ and Cd2+ ions from the other ions. This discrimination of these two ions from the other 

ions could also been achieved by naked eye. Figure 78 presents the emission color of P6 (the 

first sample), and P6 with 1.25.10-5 M various metal ions. It clearly shows an orange emission 

under UV light of P6 after addition of Zn2+ and Cd2+ ions, which is different from the blue 

emission of the other solutions. This is an important point in view of elaborating selective 

optical sensors as detailed in 2.  

 

Figure 77 Emission response of P6 to (a) Ni2+ (b) Zn2+ 

 

Figure 78 Emission color of 5 µg/ml P6 in THF with 1.25.10-5 M various metal ions under 360 nm UV light 

P6 Al3+ Ca2+ Cd2+ Cu2+ Fe2+ Fe3+ Hg2+ Mg2+ Ni2+ Zn2+
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Table 11 summarize the sensitivity of polymers towards metal ions. It reveals that P1’s 

emission is only sensible to Ni2+ and Cu2+ ions, while P4’ emission is also sensible Ca2+ and 

Al3+ ions. And P6’ emission is sensible to two more ions (Fe2+ and Cd2+ ions) compared to P3. 

By comparing the selectivity random polymers P1, P3 and their corresponding alternating 

polymers P4 and P6, it can be found that an increase in ligand ratio in the polymer backbone 

induces a decrease in selectivity of the polymer towards metal ions, which is possibly due 

to the variations in polymer’ energy levels. This indicates the possibility of tune the selectivity 

of polymer by just modifying the ratio of ligands in the polymer chains. 

Table 11 Sensitivity of polymers towards metal ions 

Polymer ligand Ligand ratio Sensitivity 
P1 M1 11% Ni2+, Cu2+ 
P2 M2 11% - 
P3 M3 3% Ni2+, Cu2+, Zn2+, Ca2+, Al3+ 
P4 M1 50% Ni2+, Cu2+, Ca2+, Al3+ 
P5 M2 44% - 
P6 M3 50% Ni2+, Cu2+, Zn2+, Ca2+, Al3+, Cd2+, Fe2+ 

Table 12 compares the loss of emission due to the presence of metal ions at saturation for P1, 

P3, P4 and P6 (after subtraction of lose in fluorescence due to water). P1 and P3, random 

polymers of M1 and M3 with 11% and 3% ligand ratio respectively, induce a 20% loss in 

fluorescence. While their corresponding alternating polymers, P4 and P6 can quench 70% of 

the polymer initial fluorescence. As expected, it shows that a high ligand ratio in the polymer 

backbone induces a higher loss in emission. Table 13 details the relative loss of fluorescence at 

saturation/ratio of ligand in the polymer backbone. Interestingly, it shows that the ligand in P3 

shows highest efficiency as 3% ligand in the polymer chain can quench 20% of the fluorene 

fluorescence, hence one ligand can quench 7 fluorene units’ emission (Figure 79). This should 

due to the facile intramolecular charge transfer from the carbazole to the terpyridyl unit due to 

the conjugated structure. While the alternating polymers P4 and P6 exhibit relatively lower 

monomer quenching efficiency than their corresponding random polymers P1 and P3, which 

indicates an excess of ligand in the polymer chains in the alternating polymer. In fact, for 

an alternating fluorene-alt-carbazole polymer, the maximum value for loss of fluorescence at 

saturation/ratio of ligand in the polymer backbone is 2 when 100% the fluorescence is quenched 

(Figure 79).  
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Table 12 Quenching efficiency of polymers:  

Loss of emission at saturation for P1, P3, P4 and P6 

Polymer 
 

Ligand ratio Ni2+ Cu2+ Zn2+ Ca2+ Al3+ Cd2+ Fe2+ 

P1 M1 11% 24% 44% - - - - - 
P3 M3 3% 22% 24% 22% 17% 23% - - 
P4 M1 50% 74% 67% - 41% 30% - - 
P6 M3 50% 70% 70% 70% 40% 40% 70% 40% 

 

 Table 13 Quenching efficiency of monomers:  

loss of emission at saturation/ratio of ligand for P1, P3, P4 and P6 

Polymer Ligand ratio Ni2+ Cu2+ Zn2+ Ca2+ Al3+ Cd2+ Fe2+ 
P1 M1 11% 2.2 4.0 - - - - - 
P3 M3 3% 7.3 8.0 7.3 5.6 7.6 - - 
P4 M1 50% 1.5 1.3 - 0.8 0.6 - - 
P6 M3 50% 1.4 1.4 1.4 0.8 0.8 0.8 1.4 

 

Figure 79 M3 quenching efficiency in (a) P3 and (b) P6 

IV.3.6 Polymer sensitivity comparisons 

The Stern-Volmer constants (quenching coefficient) of each polymer towards different cations 

were determined by calculating the slope of the curve with the equation I0-I/I-If = Ksv [Mx+] in 

the linear domains at lowest metal ions concentration. Where I0 and I are the intensity of the PL 

spectrum without and with a quencher (metal ion), respectively, If is the final intensity of the 

PL spectrum when equilibrium between the fluorophore and the quencher is reached, Ksv is 

the Stern-Volmer constant, and [Mx+] is the concentration of the quencher ions[155]. In the case 

where the fluorescence is totally quenched by certain quenchers (If = 0), the equation can be 

simplified to I0/I = 1+Ksv [Mx+].  An example of the Stern-Volmer plot of P6 versus Zn2+ is 

shown on Figure 80. Ksv is determined by calculating the plot of the blue part in I0/I versus 

c(Zn2+) plot. The slop of the Stern-Volmer plot in low Zn2+ concentration (0 - 5.10-6 M) was 

9.3.105 M-1 hence KSV of P6 towards Zn2+. Table 2 compares KSV of P1, P3, P4 and P6 towards 

different metal ions. Their values are representative of the efficiency by which each polymer is 
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quenched. It can be seen that the 4 polymers have the highest KSV towards Ni2+ among all the 

ions tested, in the order of 106 M-1. They are relatively high as values in the range 104-105 are 

generally reported for similar systems. [22, 25, 27, 28, 31, 33] Which indicates that all the four 

polymers possess satisfying quenching efficiency towards Ni2+. Besides Ni2+, P3 and P6 also 

have 9.105 M-1 of KSV towards Cu2+ and Zn2+, suggesting their high quenching efficiency 

towards these two ions. P1 and P4, the random polymer and alternating polymer of M2, have 

similar KSV towards Ni2+ (2.1.106 M-1 vs 2.0.106 M-1) and Cu2+ (3.0.105 M-1 vs 5.4.105 M-1). This 

result shows that the KSV of polymers are independent from the ratio of ligand in the 

polymer backbone. This can be confirmed by comparing the KSV of P3 and P6 towards Ni2+, 

Cu2+ and Zn2+. 

The limit of detection (LOD) could be estimated according to the equation LOD = 3 × Sb1/Ksv, 

where Sb1 is the standard deviation of the blank solution (taken as 2% in the calculation).  They 

are reported in Table 3. The lowest LODs were obtained for the Ni2+ ion which showed the 

highest Stern-Volmer constants; Values lower that 2 ppb were obtained with P1, P3, P4 and 

P6. LOD of P3 and P6 towards Cu2+ and Zn2+ are found to be lower than 5 ppb. 

 

Figure 80 Stern-Volmer plot of P6 versus Zn2+ 

The KSV constants are reported in Table 2 3. Their values are representative of the efficiency by 

which each polymer is quenched. (No big difference were found for P1 and P4, P3 and P6). 
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Values found for P6 towards Ni2+ and Zn2+ are 2.106 and 1.106 M-1, respectively. They are 

relatively high as values in the range 104-105 are generally reported for similar systems.  The 

LOD are summarized in Table 15. The detection limit is evaluated to be 2 ppb for Ni2+ ion, and 

4 ppb for the Zn2+ ion. 

Table 14 Polymer Stern-Volmer constant 

Ksv (.104 M-1) Ligand ratio Ni2+ Cu2+ Zn2+ Ca2+ Al3+ Cd2+ Fe2+ 
P1 M1 11% 210 30 - - - - - 
P3 M3 3% 590 90 99 26 61 - - 
P4 M1 50% 200 54 - 28 6.7  - - 
P6 M3 50% 200 80 93 31 20 60 13 

Table 15 Limit of detection (ppb) 

Polymer Ligand ratio Ni2+ Cu2+ Zn2+ Ca2+ Al3+ Cd2+ Fe2+ 
P1 M1 11% 2.2 4.0 - - - - - 
P3 M3 3% 7.3 8.0 7.3 5.6 7.6 - - 
P4 M1 50% 1.5 1.3 - 0.8 0.6 - - 
P6 M3 50% 1.4 1.4 1.4 0.8 0.8 0.8 1.4 

 

IV.3.7 Selectivity over co-existing ions 

The studies reported above highlight the fact that P1 and P6 are the most suitable candidates 

for designing sensitive and, to some extent, selective optical sensors. Competitive titrations 

were thus performed with P1 and P6 with the aim of investigating if any selectivity could be 

emphasized. 

1 Selectivity of P1 

A solution containing CdCl2, HgCl2, ZnCl2, and CaCl2, each at a concentration of 5.10-4 M, was 

used. For each of the Ni2+ and Cu2+ ions, for which the highest Stern-Volmer constants were 

found with P1, two types of experiments were performed. They are reported on Figure 81. First, 

50 µl of deionized water was added to a solution of 2 mL 5µg/ml of P1. This lead to a very 

slight decrease in the polymer emission intensity, due to the dilution effect. Then 50 µl of a 

5.10-4 mol/L solution of the Cu2+ ion was added. The intensity dropped down to 56 % of the 

initial value. In a second experiment, 50 µl of the solution containing the Cd2+, Hg2+, Zn2+ and 

Ca2+ ions were firstly added to the P1 solution. Only a slight decrease in intensity, similar to 

that obtained by dilution effect, was observed. Then, the Cu2+ solution was added, resulting in 

Xinyang Wang
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a 31% decrease in emission intensity of the initial value. The two same experiments were 

conducted with the Ni2+ ion. After addition of water, followed by addition of the Ni2+ solution, 

the intensity decreased by 21% of the initial value. Addition of the mixture solution to P1, 

followed by addition of the Ni2+ solution resulted in a 19% decrease in emission intensity of 

the initial value, which is, within experimental error, similar to that obtained using water. This 

shows that the four metal ions used in the mixture solution do not compete with the Ni2+ ion, 

as the intensity of emission obtained using the Ni2+ ion is the same with or without the mixture 

solution. So, the quenching effect due to the presence of the Ni2+ ion is not altered by the 

presence of other metal ions, while a disruption in the effect of the Cu2+ ion on the emission of 

P1 is observed in the presence of other metal cations. This indicates that a competition occurs 

between Cu2+ and other metal ions, and confirms that coordination of the Ni2+ ion is stronger 

than that with the other cations. The possible ion that compete with Cu2+ is Ca2+ as Ca2+ is found 

to form complex with the monomer M1 by absorption titration. The stronger coordination 

ability of P1 towards Ni2+ ion is an interesting point in view of using P1 to elaborate 

selective optical nickel sensors. However, it will not be possible to distinguish Ni2+ ion from 

Cu2+ ion as both of the two ions will quench P1’s fluorescence. 

 

Figure 81 Competitive titrations of P1 with Cu2+ and Ni2+ and a mixture of Cd2+, Hg2+, Zn2+ and Ca2+  
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2 Selectivity of P6 

In order to take advantage of the new emission band appearing when Zn2+ is added to a solution 

of P6, we have performed a luminescence study on solutions of P6 containing one of the Al3+, 

Ca2+, Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, and Ni2+ ions, to which a solution of Zn2+ was added. Figure 

82 and Figure 83 present the fluorescence of P6 in the presence 1.25.10-5 M of different metal 

ions excited at 360 nm and the photos of these solution under 360 nm UV light. The black 

spectrum represents the PL spectrum of P6 solution excited at 360 nm. And the color spectra 

are the emission spectra of P6 with one of the following ions: Al3+, Ca2+, Cu2+, Fe2+, Fe3+, Hg2+, 

Mg2+, and Ni2+ ions. No emission band centered at 585 nm were observed. Then, a solution of 

Zn2+ ion was added to these P6 solutions. Their fluorescence spectra and the photos of these 

solution under 360 nm UV were shown in Figure 84 and Figure 85. As shown in Figure 84 the 

emission band centered at 585 nm appeared in all solutions with a total quenching of the initial 

polymer emission, and the solution’s emission color turn from blue to orange as indicated in 

Figure 85. It shows that it is possible to distinguish the presence of Zn2+ ion in the presence of 

a mixture of ions. This demonstrates clearly the possibility of using P6 as a selective sensor 

material for Zn2+. Even though it is always not possible to differentiate Zn2+ from Cd2+ as they 

both induce the appearance of the emission band centered at 585 nm. But this will not be a big 

issue as in the common water environment, the quantity of Zn2+ is negligible compared to the 

quantity of Zn2+ ion. For example, according to the WHO reports, the level of Cd2+ in drinkable 

water is less than 1 ppb (µg/L), while the level of Zn2+ in drinkable water is in the order of ppm 

(mg/L)[156].  
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Figure 82 Fluorescence of P6 in presence of 1.25.10-5 M different metal ions 

 

Figure 83 Photos of P6 in presence of 1.25.10-5 M different metal ions under UV lights (360 nm) 
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Figure 84 fluorescence of P6 in presence of 1.25.10-5 M Zn2+ and 1.25.10-5 M different metal ions 

 

Figure 85 Photos of P8 in presence of 1.25.10-5 M Zn2+ and 1.25.10-5 M different metal ions 

IV.3.8 Kinetic study 

Kinetic study was done to understand why there are different quenching saturation 

concentrations for different metal ions. For example, with 2.5.10-6 M Ni2+ and Cu2+, the 

quenching saturations towards P4 were already reached while with the same amount of Ca2+ 

and Al3+, P4’s fluorescence continued to decrease with further metal ions increments (Figure 

72).  

Into 2 ml of 5 µg/ml P1 solution was added 1.25.10-5 M NiCl2, and 2.5.10-6 M CuSO4 

respectively. The fluorescence of the samples was recorded immediately after the mixing of the 

solution (red spectra in the figure, noted 0 min), and then was recorded another time after 10 
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minutes. Figure 86 show that the fluorescence of the samples after mixing with Cu2+/Ni2+ 

remains constant. This indicates that equilibrium between P1 and Cu2+/Ni2+ is reached 

instantaneously after their mixing.  

 

Figure 86 (a) P1 solution added with 1.25.10-5 M NiCl2 (b) P1 solution added with 2.5.10-6 M CuSO4 

Similar experiments were carried out between P4 and same amount of Cu2+, Ca2+ and Al3+ ions. 

The reaction between P4 and Cu2+ is also instantaneously completed according to Figure 87 a. 

However, the reactions of polymers with Ca2+ and Al3+ ions take some time to reach equilibrium 

according to Figure 87 b-c. When 2 ml of 5 µg/ml P4 solution was added with 1.25.10-5 M 

AlCl3, it immediately lost 20% of its initial fluorescence. Its fluorescence kept decreasing 

during 45 minutes. After one hour, P4 solution lost 50% of its initial fluorescence because of 

the presence of Al3+ ion.  This confirmed the kinetic effect between P4 and Al3+ ion. Similar 

effect has also been observed P4 and Ca2+ ion. 

The kinetic study shows the instantaneous reaction between the P1/P4 and Cu2+/Ni2+ ions 

and confirmed an efficient sensing towards these ions by P1 and P4. 

 

Figure 87 P4 solution added with 1.25.10-5 M (a) CuSO4 (b) CaCl2 (c) AlCl3 
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IV.4 Solid state sensors and recyclability 

Recyclability is a mandatory property for a non-disposable sensor. In order to determine if the 

polymer solutions could be repetitively used, we have added a solution of a strong complexing 

agent (EDTA4-) to a solution of P3 whose emission had previously been partially quenched by 

a solution of Zn2+ ions (Figure 88). After addition of the EDTA4- solution, the initial polymer 

fluorescence was totally recovered. This is interpreted by decomplexation of the polymer due 

to the formation of more stable complexes between EDTA4- and the metal ions, and shows that 

the solution can be re-used for another titration.  

 

Figure 88 Emission spectrum of P3 in the presence of Zn2+ ions before and after addition of EDTA 

The repeating solution measurements described above are limited as the presence of complexes 

in solution and a possible excess of EDTA used to regenerate the solution will firstly react with 

the next solutions and pervert the titration results. We have then investigated the ability of the 

polymers to design solid state sensors which are easier to handle and to use in such repeating 

experiments.  

Thin films of P1 were deposited on a glass substrate by spin-coating from a 1,2-

dichlorobenzene solution (8 mg/mL) and dried for 6 hours at 100°C prior to titration. 

A film of P1 was immersed into water and a 1.25.10-3 M solution of CuSO4 was added. The 

emission decreased down to ca half of the initial value, showing that the film interacts with the 

Cu2+ ions. After immersion of this film in an EDTA solution, and rinsing with deionized water, 

the overall intensity of the starting P1 film was recovered. This indicates that Cu2+ ions 

coordinated to the polymer were de-complexed. Addition of the same CuSO4 solution again 

resulted in a decrease in P1 intensity of about 40%, which is, within experimental error (5%), 
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similar to the first time. This sequence undoubtedly shows the recyclability of such an optical 

sensor. It is shown on Figure 89. 

 

Figure 89 Recyclability of an optical solid state sensors made with P1 

IV.5 Indicator tissue for Zn2+ ion 

Inspired from the orange emission of P6 with Zn2+ ion, an indicator tissue for Zn2+ ion was 

elaborated. A tissue from Kimtech® PURE W4 was used for the elaboration of this indicator 

tissue. The initial emission color under of the issue without anything was shown in Figure 90 

noted as reference tissue. The tissue was immersed in a solution of 50 µg/ml P6 in THF for 30 

seconds, and left dried for 5 minutes. The tissue with P6 emitted blue under UV light. Then the 

tissue with P6 was immersed in a solution of ZnCl2, concentration 5.10-3 M, for 30 seconds. 

The tissue was left dried for 30 minutes, and it emitted orange under UV light as shown in 

Figure 90. We can thus identify the presence of Zn2+ ion with this indicator tissue in naked eye, 

no fluorescence machine is needed. However, only one concentrated ZnCl2 solution has been 

tested due to the limited time of the 3-year PhD period, further experiments with different 

concentration of ZnCl2 solutions could be tested to determine the lowest limit of the tissue 

indicator.  
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Figure 90 Fluorescence color of reference tissue (left), tissue with P6 (middle) and tissue with P6 and ZnCl2 

(right) under 360 nm UV light 

IV.6 Conclusion 

In this Chapter, the photoluminescence responses of the synthetized monomers and polymers 

in presence of the Ni2+, Cu2+, Fe2+, Fe3+, Al3+, Zn2+, Cd2+, Hg2+, Mg2+ and Ca2+ ions were 

presented.  

To resume, P1 was found to be more sensitive to the Ni2+ and Cu2+ ions with a better selectivity 

for Ni2+, as shown by competitive titrations. The emission of the corresponding alternating 

polymer P4 was more efficiently quenched by these two ions with respect to P1, in addition of 

being also sensitive to the Ca2+ and Al3+ ions. P3 was found to show sensitivity to the Ni2+, 

Cu2+, Al3+, Ca2+, and Zn2+ ions. The optical response of P6 to the Ni2+, Cu2+, Cd2+, Zn2+, Al3+, 

Fe2+, and Fe3+ ions was highlighted as the emission was more efficiently quenched in the 

presence of the Ni2+, Cu2+, and Zn2+ ions with respect to P3. More particularly, the presence of 

the Zn2+ or Cd2+ ions resulted in a new emission band centred at 590 nm, leading to the 

possibility of a selective sensing for these two ions with P6. The influence of both the 

coordinating group and the polymer backbone structure on the polymers sensitivity and 

selectivity towards these ions was emphasized.  

Competitive titrations of P1 and P6 towards various were studied, which indicate the possibility 

of using P1 as selective sensor for Ni2+ and P6 as selective sensor for Zn2+, respectively. The 

efficiency of P1’s response towards Ni2+ was revealed by the kinetic study. Which indicate an 

efficiency sensing of P1 towards Ni2+ ion. 

The recyclability of some representative polymers as optical sensors was shown both in solution 

and in the solid state, In particular, thin films were shown to be easily regenerated and thus 

reusable sensors can be elaborated. 

Reference	
Tissue

Tissue:	P6 Tissue:	P6	+	ZnCl2
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In Chapter IV, we have shown by the means of optical spectroscopy that the synthetized 

polymers could interact with some metal ions. For example, P1 interacts with Ni2+ and Cu2+, 

and P3 interacts with Ni2+, Cu2+ and Zn2+. We then get interested in investigating the 

interactions between these polymers and MWCNTs in view of elaborating ohmic sensors with 

CPs/MWCNTs deposits as active layers by ink-jet printing technology (Chapter VI and Chapter 

VII ). We describe in this chapter how CPs/MWCNTs inks were formulated and the 

characterizations of the inks with electron microscopy techniques (TEM) and spectroscopies 

(UV-Vis and fluorescence). The primary goal is to evidence the CPs/MWCNTs interaction. 

V.1 Ink formulation 

Materials and equipment 

NC3100TM series MWCNT from NANOCYL®, 1,2-dichlorobenzene from sigma-aldrich 

were used, and an ultrasonic probe form Bioblock scientific Vibracell 75041(150 W) were used.  

V.1.1 Pristine MWCNT inks 

The process used in our team to fabricate MWCNT ink was first described by Michelis et al. in 

2015[157]. Typically, 20.8 mg of MWCNT powder was put in a beaker. 80 ml of 1,2-

dichlorobenzene(DCBZ) was added to the beaker (initial concentration 0.02 wt. %). The 

mixture was sonicated with sonication probe for 15 minutes (Power=20%, ON-OFF cycles: 

30s-30s). The upper solution of the suspension was transferred into a centrifuge tube. The 

solution was centrifuged at 8000 G for 10 minutes. The upper solution was transferred to a new 

centrifuge tube and was further centrifuged at 10000 G for 4 hours. The upper solution was 

collected. MWCNT ink in DCBZ was obtained. The inks prepared can stay stable for more than 

3 months without any visible aggregate as shown in Figure 91. 

.  

Figure 91 CNT ink in 1,2-dichlorobenzene 
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V.1.2 CPs/MWCNT ink 

A polymer solution of 1 mg/ml polymer in DCBZ was prepared and stirred overnight. The 

solution was filtered through a 0.45 µm filter.  

1 50%-50% weight ratio CPs/MWCNT ink (50/50 CPs/CNT ink) 

1.3 ml of the filtered polymer solution was mixed with 5 ml of pristine MWCNT ink and the 

mixture was stirred for 4 hours to prepare a 50%-50% weight ration CPs/MWCNT ink.  

2 75%-25% weight ratio CPs/MWCNT ink (75/25 CPs/CNT ink) 

1 ml of the filtered polymer solution was mixed with 1.3 ml of pristine MWCNT ink and the 

mixture was stirred for 4 hours to prepare a 75%-25% weight ration CPs/MWCNT ink.  

At the beginning, the CPs/CNT inks were prepared by heating the mixture suspension at 80°C. 

However, it was observed that agglomerates of CNTs formed during the heating as shown in 

Figure 92. This may indicate that heat accelerates the agglomeration of CNTs and destabilizes 

the inks. Thus, this process of heating was removed for the preparation of CPs/CNT inks. 

 

Figure 92 P1/CNT 50/50 ink heated at 80°C for 2 hours 

V.2 Inks characterizations 

The pristine MWCNT ink and CPs/CNT inks were first characterized by transmission 

electronic microscopy (TEM). 

V.2.1 Transmission electronic microscopy (TEM) 

Three inks were prepared: pristine CNT ink, P1/CNT 50/50, and P1/CNT 25/75. The inks were 

deposited on a coper grid (300 mesh), coated with a holy carbon film for TEM.  
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1 Pristine MWCNT ink 

According to the product description, NANOCYL® NC3100TM series MWCNT are produced 

via the Catalytic Chemical Vapor Deposition (CCVD) process. Multiwall carbon nanotubes 

which exit the reactor are then purified to greater than 95% carbon to produce the 3100 grade. 

Their properties are listed in Table 16. 

 

 Table 16 Specific characterization of NC3100TM 

Properties Unit Value 
Average diameter nm 9.5 
Average length µm 1.5 
Carbon purity % > 95 
Metal oxide % < 5 
Amorphous carbon % * Pyrolytically deposited carbon on the 

surface of CNT 

 

Figure 93 is the TEM image of the pristine MWCNT deposit obtained from the ink. From the 

image, we can see that the MWCNTs are well separated one from the other. The nanotube 

surface is quite smooth except for some point defects (0.9 nm- 1.0 nm thick, marked by red 

arrows). The amorphous defect could be the residual amorphous carbon originating from 

the synthesis process of the CNT or some impurity coming from the solvent.  
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Figure 93 TEM image of CNT ink 

2 CPs/MWCNT inks 

Two P1/CNT inks with different weight fractions were prepared to better identify polymers in 

the inks. 

Figure 94 is the TEM image of P1/CNT 50/50 ink. From the figure, we can see that a continuous 

layer of amorphous matter is attached on the surface CNT tube (1.1 nm-1.5 nm thick1*, marked 

by blue arrows). The layer of amorphous matter is attributed to both the polymer and the 

amorphous carbon visible on the image of pristine MWCNT. The presence of the polymer can 

be confirmed by additionally analyzing Figure 95: Figure 95 shows the TEM image of P1/CNT 

75/25 ink at different scales. As this ink contains more polymer, the layer of amorphous matter 

is thicker (1.4 nm - 2.4 nm thick). Also, in the deposit obtained from the P1/CNT 50/50 ink not 

all the surface of CNTs is covered by the amorphous layer, while in the deposit obtained from 

the P1/CNT 75/25 ink, almost all the CNT surface is covered by the amorphous layer, which 

                                                        
1 *The thick may vary slightly for different batches of ink due to the operation error during the ink preparation.  
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can be clearly seen in the 20 nm scale TEM image (Figure 95 (b)). The thickness and position 

of amorphous layers in Pristine CNT, P1/CNT 50/50 and P1/CNT 75/25 are summarized in 

Table 17. 

 

Figure 94 TEM image of P1/CNT 50/50 ink (50 nm scale)  

 

Figure 95 TEM images of P1/CNT 75/25 ink (a) 50 nm scale (b) 20 nm scale  

(a) (b)
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These images confirm that the polymers are well adsorbed on the surface of MWCNTs. 

 Table 17 Thickness and position of amorphous layers in Pristine CNT, P1/CNT 50/50 and P1/CNT 75/25 

Ink name Thickness (nm) Position 
Pristine CNT 0.9 – 1.0 local 

P1/CNT 50/50 1.1 – 1.5 Non-continuous 
P1/CNT 75/25 1.4 – 2.54 Continuous 

After confirmed the adsorption of conjugated polymers on the surface of MWCNTs. The 

interactions between CPs and MWCNTs were investigated by UV/vis adsorption and 

fluorescence. 

V.2.2 UV-Vis and fluorescence spectroscopies 

Figure 96 shows the spectrum of a 5 µg/ml P1 in THF (labeled as P1). The P1+CNT spectrum 

refers to the spectrum of the suspension prepared by adding 20 µl of the MW CNT ink in 1,2-

dichlorebenzene into 2 ml of a 5 µg/ml P1 solution in THF. The spectra are identical in the 

region 350-450 nm with showing the absorption band of the polymer in the near UV. This 

suggests that the electronic structure of the polymer is not altered upon addition of CNTs. 

Similar results have been reported by Baykal et al. for the interaction between polyfluorene 

nanoparticles and MWCNT in aqueous medium[5]. 

 

Figure 96 UV/vis absorption spectra of P1 and P1/CNT dispersion 
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The fluorescence spectra of the free polymers and that of the polymer-CNT dispersion were 

also measured and quantitatively compared (Figure 97). According to the figure, after addition 

of the CNT dispersion to the P1 solution, 8% of the quenching in the fluorescent emission of 

the dispersion was observed. As only 20 µl of the MWCNT ink was added to the 2 ml polymer 

solution, the 1% variation in volume is very small compared to the loss of fluorescence.  The 

fluorescence quenching is likely a result of energy transfer between the excited conjugated 

polymers and the CNTs, as previously reported for other systems[158], than a dilution effect.  
 

 

Figure 97 Fluorescence spectra of P1 and P1/CNT dispersion (excited at 380 nm) 

The UV/vis adsorption and fluorescence reveal the interaction between the conjugated 

polymers and the CNTs. This is confirmed by the numerical modeling of the CPs/CNTs 

nanohybride done by Robert Benda in our team: during his internship in the laboratory, he has 

simulated the interaction of P1 with the surface of a SWCNT having a diameter of 4 nm (Figure 

98). His work confirmed both the adsorption of the polymer onto the nanotube surface and the 

occurrence of a charge transfer from the functionalized polyfluorene to the nanotube[159]. 
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Figure 98 Simulated wrapping of polyfluorene (30 repeat units) on SWCNT (4 nm diameter) 

V.3 CNT and CNT/Polymer inks in presence of metal ions 

After the CNT and CPs/CNT inks were formulated and characterized, we wanted to test if any 

interaction with metallic aqueous solution could be emphasized by TEM. Chapter IV has 

demonstrated the interactions between P1 and Cu2+, Ni2+ ions and between P3 and Zn2+ ion, 

respectively. Hence ZnCl2, CuSO4 and NiCl2 solutions have been prepared to check if any 

interaction between the metal ions and the composites could be emphasized. A solution of 

MgCl2 has also been tested to compare with the previous solutions as it doesn’t alter the 

fluorescence of any of the polymers P1 and P3 (Chapter IV). Thus, three inks deposits (CNT, 

P1/CNT 50/50, P3/CNT 50/50) were dipped into metallic solutions. Characterization by TEM 

was done to observe the potential effect of the metallic ions on the CNT and CPs/CNT. 

The procedure was the following one. A drop of the CNT ink was deposited and dried on a 

copper grid (300 mesh), coated with a holy carbon film, by immersing the copper grid into a 

200 ppm metal solution for 15 minutes. Then the copper grid was immersed in DI water for 30 

minutes to remove the excess of metal solution and left dried in room temperature. 

We fixed the concentration at 200 ppm, which is much higher than the concentration range (0 

- 3 ppm) that we will use for the electrical characterizations (see chapter VII), to maximize the 

interaction between the deposit and metal ions.  

V.3.1 CNT with metal solutions (ZnCl2, MgCl2) 

Figure 99 presents the TEM image of the CNT deposit after immersion in the ZnCl2 solution. 

By comparing this image and the TEM image of pristine CNT (Figure 93), we can see that 

many small spherical nanoparticles appear on the surface of CNTs (marked by orange arrows). 
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Their diameters are found to be 1.1 – 1.8 nm, which is larger than the CNTs defects thickness 

(0.8 – 1.0 nm). 

 

 

Figure 99 pristine CNT deposit after immersion in a ZnCl2 solution (50 nm scale) 

Similar phenomenon has been observed in the TEM image of CNT deposit after immersing 

into MgCl2 DI-water solution (Figure 100). Nanoclusters of size 0.8 nm – 1.6 nm have been 

observed on the surface of MWCNT (marked by orange arrows). EDX analysis of the image 

has identified the presence of Mg element (Ka at 1.254 eV, Figure 101). 
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Figure 100 CNT ink after immersed in MgCl2 solution 

 

Figure 101 EDX analysis of pristine MWCNT after immersion in MgCl2 solution 

These NPs could result from the interaction between metal ions and the defects on the walls of 

CNT. One possible explanation is the adsorption of metal ions on the surface function groups 

of CNT such as carboxyl groups and hydroxyl groups by ion exchange mechanism (Figure 

102)[160-165]. Oxidized MWCNTs prepared by oxidizing MWCNT with HNO3 have been 

reported as adsorbent for several metal ions, such as Ni2+[160], Zn2+, Cu2+ and Cd2+[161-162]. Even 

though the MWCNTs used in our study are not oxidized, carboxyl groups and hydroxyl groups 

formed during CVD may present as defects on the outer walls of MWCNTs and can adsorb 

metal ions[160]. To confirm this explanation, the Fourier transform infrared (FT-IR) studies of 
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MWCNTs before and after immersion in Zn2+ solution could be done to visualize the presence 

of carboxyl groups in the MWCNTs[160]. However, limited by the short remaining time, we 

have unfortunately not gone far in this point. The FI-IR studies of the inks are considered as 

perspective study for the next step of the project.  

 

Figure 102 Metal ions sorption mechanism - ion exchange 

V.3.2 P3/CNT with metal solutions 

Figure 103 shows the TEM image of a deposit obtained from the P3/CNT 50/50 ink before 

immersion into metal solutions at 50 nm scale. Similar to the P1/CNT ink (Figure 94), only 

MWCNT and the amorphous layer on their surface can be found (0.6 – 1.4 nm thick).  
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Figure 103 CNT/P3 before immersion in metal solutions (50 nm scale) 

1 P3 /CNT with MgCl2 

Mg2+, an ion who doesn’t have an effect on P3’s fluorescence was first tested. Figure 104 shows 

the TEM images of a deposit obtained from the P3/CNT 50/50 ink after immersion into MgCl2 

solution. Amorphous layers of 0.5 – 1.8 nm thick are found on the surface of CNT. No 

difference can be identified compared to Figure 103. Even though no nanoclusters as in the 

case of the pristine CNT after immersion into MgCl2 solution can be identified, the EDX 

analysis indicates the presence of Mg element on the surface of CNT (Ka at 1.254 eV, Figure 

105). 
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Figure 104 P3/CNT after immersion in MgCl2 solution 

 

Figure 105 EDX analysis of P3/CNT after immersion in MgCl2 

2 P3/CNT with ZnCl2 

Figure 106 presents the TEM images of a deposit from the P3/CNT 50/50 ink after immersion 

in ZnCl2 DI-water solution. Surprisingly, many large spherical nanoparticles have formed on 

the surface of the carbon nanotubes (marked by green arrows). After EDX analysis of the global 
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image, Zn element and Cl element have been identified in the NPs (Kα at 8.637eV, Figure 107). 

The size of the nanoparticles was found to be 32.6 ± 12.4 nm based on the statistical analysis 

of 30 nanoparticles. It seems that the bigger NPs are made up of aggregation of smaller 

nanoparticles. Amorphous layers have also been observed in the TEM image. The thickness of 

the amorphous layer was found to be in the range of 0.6 nm – 1.4 nm except at some local points: 

several smaller structures were also found on the surface of CNTs with diameters around 2-3 

nm (mark by orange arrows). The quantity of the small spherical NPs is relatively low with 

respect to that of the larger ones.  Comparison with images obtained with CNT/ZnCl2 (Figure 

99), the formation of big size NPs is undoubtedly due to the presence of P3 in the ink. One 

possible explanation for that may be that P3 strongly accelerates the growth of Zn-containing 

nanoparticles due to the interaction between Zn2+ and the terpyridine groups of P3 (Chapter IV). 

Indeed, experiments were done in the same amount of time. The experiments results were 

confirmed by repeating the experiments for two times with each time freshly prepared inks and 

solution. Each time, big nanoparticles have been observed (Figure 106 and Figure 108). This 

experiment supports the fact that Zn ions could be detected by P3/CNT sensors. 

 

Figure 106 CNT/P3 after immersed in ZnCl2 solution (1st experiment) 
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Figure 107 EDX analysis of CNT/P3 after immersion in ZnCl2 

 

Figure 108 P3/CNT after immersed in ZnCl2 solution (2nd experiment) 

3 P3 /CNT with NiCl2 

The photoluminescence results have indicated that P3 interact with not only Zn2+, but also Ni2+ 

(Chapter IV). Thus, a NiCl2 solution was also tested with P3/CNT. Figure 109 shows the TEM 

image of a P1/CNT deposit after immersion into NiCl2 solution. Amorphous layers with 

thicknesses of 0.5 – 2.0 nm are observed. No EDX analysis has been done on this sample to 
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identify the presence of Ni element on the surface of CNT, because it is not possible to 

distinguish the signal of Ni element and Cu element (copper grid has been used to support the 

sample) as their signals are very close. But it is reasonable to presume that some Ni-containing  

nanoparticles were adsorbed on the surface of CNT as in the previous cases. However, no big 

size nanoparticles like in the case of P3/CNT with ZnCl2 solution have been observed. We still 

don’t figure out the reasons for the difference in the cases of ZnCl2 and NiCl2. It may result 

from the difference in the adsorption capacities of the two ions of the surface of MWCNT or 

the growth abilities of the two types of NPs.  

 

Figure 109 P3/CNT after immersed in NiCl2 solution 

V.3.3 P1 /CNT with metal solutions 

Similar tests have been done with P1/CNT ink and CuSO4 and NiCl2 as P1 interacts with Cu2+ 

and Ni2+. The TEM images of 50/50 P1/CNT deposits have been presented in Figure 94. After 

immersing the P1/CNT deposits into CuSO4 and NiCl2 DI-water solution, similar to P3/CNT 

deposit into NiCl2 DI-water solution, no big size nanoparticles were observed (Figure 110 and 

Figure 111). Amorphous layers of 0.5 – 2.1 nm and 0.6 – 2.2 nm have been found in the two 

images, respectively. As described in previous, we still don’t figure out the reasons for the 

difference in the cases of ZnCl2 and NiCl2. 
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Figure 110 P1/CNT ink after immersed in CuSO4 solution 

 

Figure 111 P1/CNT ink after immersed in NiCl2 solution 
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V.4 Conclusion and perspective 

The different characterizations (UV-vis and fluorescence, TEM, numerical simulation) suggest 

an adequately strong and stable molecular interaction between the CPs and MWCNTs walls, 

most likely π-π stacking interactions between the polymer aromatic backbones and carbon 

nanotube side-walls[7]. TEM images of the different inks indicated that in 50/50 weight ratio 

P1/MWCNTs inks, partial of the MWCNT outer walls is covered by the polymer layers. And 

in 75/25 weight ratio P1/MWCNTs inks, larger and thicker layers of polymers could be 

observed due to the higher amounts of polymers in the inks. 

Preliminary tests with pristine CNT and CPs/MWCNTs with metal ions have been done and 

characterized by TEM. Adsorption of metal ions on the surface of MWCNTs have been 

observed by the TEM images and their EDX analysis. FT-IR analysis could be effectuated to 

characterize the modification of functional groups (carbonyl, hydroxyl etc.) by the metal ions 

on the MWCNTs. Large nanoparticles around 30 nm have formed on the surface of 

P3/MWCNTs after immersion into a ZnCl2 solution. This is the only case where we have 

observed this formation of large size nanoparticles. This experiment supports the fact that Zn 

ions could be detected by P3/CNT sensors. However, we have not figured out the reason for 

the formation of large size nanoclusters. Tests of immersion the CNT and CPs/MWCNTs 

deposits in other metallic solutions for a longer period could be effected to check if it is due to 

the NPs growth rates. 
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The pristine MWCNT ink and CPs/MWCNTs inks formulated were then deposited between 

electrodes on silicon wafer to serve as resistors. Uniform deposition and reproducible 

resistances are important criteria for the performances of the elaborated sensor. 

Hence, this chapter will present the problem encountered during the deposition and the 

experiments performed to improve the conditions for ink-jet printing of CPs/MWCNTs inks. 

VI.1 Introduction 

Inkjet printing technology is an emerging solution deposition technique. It has become a 

popular method for many application, such as organic electronics, nanotechnology, and tissue 

engineering. Compared with other methods of deposition, inkjet printing is able to precisely 

deposit picolitre volumes of solutions or suspensions in well-defined patterns. The direct 

achievement of well-defined patterns evites the loss of solutions / suspensions and leads to cost-

savings, efficient use of materials and waste elimination. Furthermore, it can do the deposition 

on flexible substrate. Besides that, it can be scaled up to industry scale[166-175]. 

For the random network deposition of CNTs, the inkjet printing process has been studied 

continuously in order to obtain low-cost manufacturing and capability for large-area electronic 

devices[176]. Inkjet printing of CNTs can be applied to the fabrication of electrodes[177], strain 

sensors[178], or pH sensors[179]. Solution processing of CNTs on both silicon and flexible 

substrates is already well developed in our team. In particular, it was applied to the case of 

flexible strain sensors[180].  

However, this technology needs strict requirements for the properties of the material to be 

deposited. The material must be compatible with the printer and its viscosity should be in a 

specific range. For example, for FUJIFILM Dimatix DMP-2800 Series- the printer used in 

our study, to achieve optimum performance of printing. The viscosity should between 10-12 

centipoise (cP) at jetting temperature; And the surface tension should between 28-42 

dynes/cm[181].  

The printing process with CNTs and CNTs/CPs on non-flexible chips such as silicon wafers 

with metal electrodes for resistive sensors is not yet sufficiently optimized and the printing 

patterns are not well controlled in the team and still under intense study. Therefore, various 

characterizations of the printing results depending on the printing parameters appear essential 

for the improvement of the printing quality, the reproducibility and the performance of the 

CNTs/CPs sensors. 
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Here we will focus on the optimization of CNT/CPs deposition by varying different parameters 

of printing, such as temperature of the substrate and ink cartridge, and voltage of the cartridge 

nozzles. The definitions of each parameters are detailed in Section VI.2.1. 

VI.2 Problem – Coffee ring effect 

Previous studies of our team in printing have encountered a coffee-ring effect problem. Figure 

112 shows a typical example of CNT deposition with coffee-ring effect: instead of a uniform 

CNT deposition, the CNTs were accumulated in the boundary of the stain. When a liquid 

droplet dries on a solid surface, solutes in the liquid tend to move toward the edge. This is the 

so-called coffee-ring effect. This phenomenon makes the deposition of the solution to form a 

ring-like stain which is non-uniform in thickness. It is caused by a capillary outward radial flow 

that carries the particles in fluids towards edge because of the differential evaporation rates 

across the drop: liquid evaporating from the edge is replenished by liquid from the interior[182] 

(Figure 113).  

 

Figure 112 CNT deposition before optimization 

 

Figure 113 Illustration of coffee-ring effect mechanism[183] 

This effect results in a non-homogenous film which limits the performance of the device. Many 

studies have been reported on the conditions to use to suppress the coffee-ring effect. For 

instance, increasing the temperature of the substrate[184], using a high-surface tension solvent[185], 

and surface treatment[186] are suggested to suppress the coffee-ring effect.  
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Of course, optimization of the formulation of CNT/CPs ink such as changing solvent, using 

additives to adjust the viscosity and surface tension of the inks can improve the deposition 

quality. However, in this study, we have only studied the printing parameters, such as the 

voltage of the nozzles, the temperature of the cartridge and the substrate, to optimize the 

deposition quality. 

VI.2.1 Printing parameters 

The detailed description of the printer is presented in Chapter IX Experiment section, Section 

IX.1.5. 

Several printing parameters as the temperature of the substrate, the temperature of the cartridge, 

the nozzle voltage, the drop spacing (drop per inch), the number of nozzles used in printing, the 

nozzle height, and the size or position of each pattern are controllable and are expected to 

impact the quality of the deposition.  

1 Working mechanism and voltages of nozzles 

The Dimatix inkjet printer works with a piezoelectric mechanism. Its printhead contains a 

piezoelectric element which expands when a voltage is applied. The piezoelectric is bound to 

the ink chamber. A pulse of voltage is applied to the piezoelectric element (Figure 114). Figure 

115 presents the simplified schematics of a piezoelectric printer working mechanism. The 

expand of the piezoelectric element generates the decompress of the ink chamber to eject a drop 

of ink by mechanical force. At the beginning of the jetting pulse, the decrease in voltage to zero 

volts (phase 1) brings the piezo back to a neutral straight or relaxed position with the chamber 

at its maximum volume. In this phase, the fluid is pulled into the chamber through the inlet 

from reservoir. The next phase of the pulse is the drop ejection phase (phase 2). The chamber 

is compressed and a pressure is generated to eject a drop. Next is the recovery phase where the 

voltage is brought back down to its bias level. The chamber decompresses at first only partially 

(phase 3) and then in full refilling for the next pulse (phase 4).  

The applied voltage relates directly to the volume of the pumping chamber. Thus, the volume 

of the drop ejected. Jetting at higher voltages leads to bigger drops. Therefore. this parameter 

can definitely affect the characteristics of the droplets ejected from the nozzles, and 

consequently the quality of the patterns made by the droplets. The effect of different voltages 

of nozzles on the deposition quality is discussed in Section VI.2.2. 
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Figure 114 Pulse of voltage applied to piezoelectric element 

 

 

Figure 115 Simplified schematics of piezoelectric printing mechanism 

2 Temperature of the substrate 

The temperature of a substrate is one of the parameters which varies the deposition 

characteristics since it controls the evaporation time of fluids[187] and also the adhesion of a 

liquid on a solid surface. By increasing the temperature of the surface, the coffee ring effect 

should be reduced[188]. The effect of temperatures of the substrate on the deposition is discussed 

in section VI.2.2. 

3 Temperature of the cartridge 

The drop formation is governed by two physical properties: surface tension and viscosity. These 

two properties are temperature dependent[189]. Thus, the temperature of the cartridge will also 
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have an impact on the printing quality.  Generally, the viscosity of the liquid decreases with the 

increase of the temperature2.[190] The effect of temperatures of the cartridge on the deposition is 

discussed in section VI.2.2. 

VI.2.2 Printing optimization 

In this section, the experimental results are presented and discussed.  

In the first part, a single layer of CNT/CPs (rectangle pattern 300 µm x 300 µm) was deposited 

on cleaned pieces of Si/SiO2 wafers without electrodes to demonstrate the printing quality 

dependence on the parameters. 

In the second part, multi layers of CNT/CPs were deposited on Si/SiO2 wafers with electrodes 

to determine the optimum layers for appropriate resistances. 

In this Chapter, CNT/CPs ink refers to CNT/P1 50/50 ink formulated as described in Chapter 

V. 

1 Monolayer deposition on wafers without electrodes 

a) Voltages 

The voltage was set from 8 V to 12 V. The temperatures of the substrate and the cartridge were 

not set. Each condition was repeated two times. 

Figure 116 shows the interferometric microscopic characterization of monolayer depositions 

by varying voltages applied to the nozzles. The darker color (blue) indicates a lower thickness. 

The brighter color (orange) indicates a higher thickness. Figure 116 shows that non-uniform 

depositions have been obtained for all voltages tested except one test at 9 V. The inks tend to 

accumulate always at the edge of the deposition with less ink in the center. Figure 119 is an 

example of the profile along the y axis (8 V). It shows that the top edge has a height of 0.4 µm 

while for the other part of the pattern almost no ink is observed (less than 0.04 µm), 

characterizing the coffee-ring-type deposit. Figure 120 is the profile of one pattern deposition 

at 9 V. It indicates that at one edge of the pattern. 0.4 µm thick of ink is observed. 0.16 µm ink 

is observed over the whole pattern. Even though the thicknesses of the deposition are not 

exactly equal over all of the pattern, this pattern is much better than the others. 

                                                        
2The viscosity is 1.32 cP and the surface tension of 1.2-dichloreobenzene is 35.7 dynes/cm 
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Figure 116 Monolayer deposition by varying voltages applied 

 

Figure 117 Profile of deposition at 8 V 

 

Figure 118 Profile of deposition at 9 V 

 We define in Figure 119 a triplet of indices (a. b. c) to characterize the size and the height of 

each deposition pattern: a is the length of the deposition in the x-direction, b is the length of 

the deposition in the y direction and c is the difference of heights at the edge of the deposition 

(the thickness of the pattern3). The size of the pattern is defined as the average of a and b.  

Figure 120 presents the evolution of these triplets of parameters for different voltages tested.  

Figure 120 (a) shows that by varying the voltages from 8 V to 12 V, the sizes of the deposits 

first decrease with increasing the voltage from 8 V to 9 V, and then increase with the voltage. 

As presented in the previous part, generally, the size of the pattern increases with the voltage. 

The decrease of the size from 8 – 9 V may indicate that a voltage of 8 V is too small to give 

                                                        
3 The thickness obtained by interferometric microscope is generally 100 µm larger than that obtained by AFM. 
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enough pressure to eject proper droplets and the droplet do not have enough force to deposit on 

the substrate.  Figure 120 (b) shows that by increasing the voltages from 8 V to 12 V, the height 

at the edge of the pattern is decreasing from 0.4 µm to 0.3 µm. This indicates that even more 

volume of ink is ejected at higher voltage. However, it cannot compensate the larger size of the 

pattern, thus less ink is deposited at the unit area. 

 

 

Figure 119 Triplet indices to characterization ink deposition 

 

 Figure 120 Deposition parameters at different voltages (a) size of deposition (b) thickness of deposited 

pattern 

For a good deposition, the pattern is ideal to be uniform with a smaller size (close to the size 

asked to print) with more ink deposited at the unit area (minimize the needed layer to achieve 

optimum resistances). For all these reasons, a voltage of 9 V is supposed to give better 

performance than the other voltages tested. 

b) Temperatures of substrate and cartridge 

After determining the optimum voltage, the impacts of the temperature of the substrate and 

cartridge were studied. 

Firstly, the temperature of the printer plate was set from 30°C to 60°C without setting the 

temperature of the cartridge. The patterns deposited with different substrate temperature 

without setting cartridge is shown in Figure 121. By increasing the substrate temperature from 

(a) (b)
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30°C to 60°C, the deposited patterns shape change from long shape to a smaller circular shape 

(Figure 122). However, one problem was encountered during the printing process: the 

temperature of the cartridge increases with the temperature of the plate. This leads to the 

malfunction of the printer. This is the reason for the poor quality of same patterns (ex. 12 V at 

30°C).  Another problem observed at higher temperature (above 50°C) is that aggregate layers 

of CNT ink formed. This is in accordance with the phenomena that aggregates of CNT were 

observed by heating XW-P1/CNT ink.  

For all these reasons, the temperature of the cartridge was set to 30°C in order to avoid the 

malfunction of the printer and the agglomerates of CNTs. 

 

Figure 121 Deposits of CNTs/CPs with different substrate temperatures (cartridge temperature not set) 
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Figure 122 Images of deposits of CNTs/CPs with different substrate temperatures by interferometric 

microscopy (cartridge temperature not set) 

 

Figure 123 presents the patterns deposited with different substrate temperature and cartridge 

set at 30°C.  

When the temperature of the substrate was set to 50°C or above, the temperature of the cartridge 

also increases with the temperature of the printing plate and the cartridge temperature exceeded 

30°C. In this case, the printer stopped working as the cartridge’s temperature was higher than 

the set temperature. This indicates that for a proper work of the printer, the difference between 

the temperature of the plate and the cartridge should not be too large (ideally, lower than 20°C).  

By comparing Figure 121 and Figure 123. it can be found that by controlling the temperature 

of the cartridge, the shapes of the deposited patterns became more regular because of the 

increased working stability of the printer. 
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Figure 123 Deposits of CNTs/CPs with different substrate temperatures (cartridge temperature 30oC) 

 

Figure 124 Images of deposits of CNTs/CPs with different substrate temperatures by interferometric 

microscopy (cartridge temperature 30oC) 

As shown in Figure 125, the size of the deposited patterns always increases with the voltage. 

At high voltage (12 V), the deposited patterns are too big that they touch the patterns nearby. 

This confirms the discussion done in the last section that low voltage such as 8V and 9 V should 
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be used for CNT/CPs inks. The profiles at the edges of the deposited patterns (Figure 126) show 

that by increasing the temperature of the substrate, more aggregates of CNTs were always 

observed. 

 

 

Figure 125 Size of deposition with substrate temperature (a) 30°C (b) 40°C 

 

Figure 126 Profiles at the edges of the patterns 8V (a) 30°C (b) 40°C (c) 50°C 

The agglomerates of CNTs will strongly impact the performance of the deposit. In addition, the 

agglomerates of CNTs easily block the nozzles of the printheads and induce malfunction of the 

printer. Thus, a temperature of 30°C was more appropriate for the substrate.   

To conclude, the best printing conditions for our CNTs/CPs inks were obtained with a nozzle 

voltage 9 V, and temperatures of cartridge and substrate at 30°C. Even though the obtained 

deposits are not perfectly uniform, they are much better than those before (Figure 127). The 

deposition of CNT/CPs could be further optimized by controlling the viscosity and surface 

(a) (b)
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tension of the inks. This could be achieved by using additive, modifying the polymer/CNT ratio, 

changing the solvent and so on. One important thing to remember is that the appropriate printing 

conditions are strictly linked with the ink proprieties (viscosity, surface tension etc.), thus the 

conditions determined in this section could not be simply used indiscriminately for other type 

of ink. For example, the appropriate conditions for the printing of CNT pristine ink were 10 V 

nozzle voltage, 30°C of cartridge temperature, and 60°C of substrate temperature. 

 

Figure 127 Patterns deposited (a) before and (b) after optimization 

2 Multi-layer CNT/CPs ink deposition on silicon substrate with electrodes  

Based on the printing parameters determined in the previous sections, multi-layer deposition of 

CNT/CPs ink was performed on the silicon substrate with electrodes to serve as resistors. 

Previous study in our team has indicated that the resistors’ performances vary with the resistors’ 

resistances. So, it is important to control the reproducibility and the range of resistances of the 

printed resistors. This section illustrates the relation between the number of deposited CNT/CPs 

layers and their resistances.  

The applied printing conditions were: nozzle voltage set as 9 V, temperatures of cartridge and 

substrate set as 30°C. The resistances are measured by electrical contact with a conventional 

multi-meter which can measure resistance up to tens of mega-ohms (MΩ). The printing of six 

successive layers of CNT/CPs was considered as one cycle of printing without any treatment 

between each layer. After each cycle of printing, the sample was heated at 150°C for 20 minutes 

to dry the solvent (DCBZ) and then rinse with acetone for 60 seconds to remove the rest of the 

solvent and then dried with a nitrogen flow. 

Table 18 shows the resistances values of the printed devices after deposition of different number 

of layers of CNT/CPs ink. The resistance was too high to be measureable with the multi-meter 

when less than 12 layers were printed. This fact suggests that the CPs have decreased the 

conductivity of the CNT ink, because for the CNT pristine ink after 3 layers of deposition, 
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resistances lower than 200 kΩ can be achieved. This is not surprising as CPs are semi-conductor 

while CNTs have very good conductivity.  

By comparing the RBR(kΩ) and RAR(kΩ) for the same number of layers (Table 19): RBR(kΩ) 

refers to the resistance of deposited pattern before rinsing with acetone. RAR(kΩ) refers to the 

resistance of deposited pattern after rinsing with acetone it can be found that the rinsing process 

increases the resistances of the deposit. This indicates that the rinsing with acetone removes not 

only the rest of the solvent but also some CNT/CPs ink. The RAR(kΩ)/ RBR(kΩ) ratio is found 

to be between 1.2 and 2.3.  

By comparing the resistances of each sample for different number of layers deposited (Figure 

128), it can be found that the resistances of depositions decreased with the increase with the 

number of deposited layers. After 12 layers of deposition, the average (Av) resistance of the 4 

samples is 800 kΩ. The average resistance is 508 kΩ with 6 more layers, and it continues to 

decrease to 130 kΩ after 30 layers of deposition. This confirms the fact that, as more CNTs 

were deposited between the electrodes, more CNTs can contact with each other to form CNTs 

networks which increase the conductivity thus decrease the resistivity of the deposit.  

By comparing the values in each column, it can be found that the resistance values vary one 

from the other for the same number of deposition layers. For example, after 12 layers of 

CNT/CPs ink, the resistances of the depositions are between 270 kΩ and 1500 kΩ after rinsing 

with acetone with a standard deviation of 511 kΩ. The ratio of standard deviation/average 

(SD/Av) is higher than 60%. Which indicates a bad reproducibility.  Figure 129 illustrates the 

variation of SD and SD/Av as the number of layers deposited. It shows that for the same number 

of layers, the SD/Av are similar for RAR and RBR (for instance, at 12 layers, SD/Av is 62% for 

RAR and 64% for RBR respectively). The SD and SD/Av decrease with the increase of number of 

depositions. After 30 layers of deposition, the standard deviation for the resistances of the 4 

samples decreases to 37 kΩ for RAR (28%). Figure 130 presents the average resistance and 

SD/Av of printed devices after rising as a function of the number of printed layers. It shows 

that both the average resistance and the SD/Av decrease when more layers are deposited. It 

indicates that it is easier to get reproducible resistances at low range of resistances by printing 

more layers of ink, while it is more difficult to reproduce devices with high resistances. This 

results shows that the printing process of CNT/CPs needs to be further optimized to improve 

the reproductivity of the printed devices. Another problem needs to be noticed is that by printing 

the same number of layers at different time, the resistances of devices could be very different. 
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This is due to the damage of the printerhead nozzles caused by the CNT/CPs ink during the 

printing. This problem could be resolved by optimizing the ink formulation. 

 Table 18 Measured resistances values of the printed devices for different number of printed layers 

Number of 
sample 

12 layers 18 layers 24 layers 30 layers 
RBR(kΩ) RAR (kΩ) RBR(kΩ) RAR (kΩ) RBR(kΩ) RAR (kΩ) RBR(kΩ) RAR (kΩ) 

1 158.7 270.0 171.6 210.0 119.5 280.0 80.8 97.7 
2 313.7 723.0 338.9 460.3 241.0 360.3 122.5 143.2 
3 400.7 708.0 560.0 775.0 381.0 560.0 135.3 176.8 
4 755.0 1500 480.0 588.0 399.0 620.0 77.0 105.0 

Standard 
deviation (SD) 

252.7 511.6 170.6 237.2 131.1 161.1 29.4 36.7 

Average (Av) 407.0 800.3 387.6 508.4 285.1 455.1 103.9 130.7 
SD/Av 62% 64% 44% 47% 46% 35% 28% 28% 

RBR and RAR: Resistances measured before and after rinsing with acetone 

 Table 19 Effect of rinsing on the resistances of deposition 

RAR / RBR 12 layers 18 layers 24 layers 30 layers 
1 1.7 1.2 2.3 1.2 
2 2.3 1.4 1.5 1.2 
3 1.8 1.4 1.5 1.3 
4 2.0 1.2 1.6 1.4 

 

 

Figure 128 (a)Measured resistance (b) Average resistance of printed devices as a function of the number of 

printed layers 
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Figure 129 (a)Standard deviation (b) Standard deviation/Average resistance of printed devices as a function 

of the number of printed layers 

 

Figure 130 (a) Average resistance and SD/Av of printed devices after rinsing as a function of the number of 

printed layers (b) SD/Av as a function of Average of resistance after rinsing 

VI.3 Conclusion and perspective 

The inkjet printing of CNT/CPs inks to fabricate resistive sensors were performed. The printing 

conditions were first optimized by characterizing the monolayer depositions on a silicon 

substrate. Even though the coffee ring effect was not totally eliminated, it was well suppressed 

compared to our previous depositions by controlling the voltage of the nozzles, the temperature 

of the substrate and the cartridge. The deposition of CNT/CPs inks could be further optimized 

to eliminate the coffee ring effect by controlling the viscosity and surface tension of the ink. 

Then the relation between the number of deposited layers and the resistances of the device was 

analyzed. It has been found that the average resistances and standard deviations decrease with 

the increase of number of depositions. After 30 layers of deposition, the average resistance 

obtained was 130 kΩ and the standard deviation was 36.7 kΩ (28%). This indicated that it is 
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easier to get reproducible resistances at low range of resistances by printing more layers of ink, 

while it is more difficult to reproduce device with high resistances. This results are improved 

compared to previous results previously obtained in our team. However, more studies on the 

printing process are essential to further increase the reproducibility, especially for high range 

of resistances.  
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VII  
Ohmic sensors - 

electrical 
characterization 
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In Chapter IV, it has been demonstrated that P3 interacts with the Zn2+ ion. And we have 

observed in Chapter V that Zn-containing nanoparticles had formed on a deposit of P3/CNT 

after immersion in a ZnCl2 solution. So P3/CNT resistive sensors were elaborated and their 

response in the presence of Zn2+ ions were compared with that of pristine CNT resistive sensors. 

The resistances of these sensors vary from several kΩ to 600 kΩ. The method of elaboration of 

resistive sensors and the experimental processes of electrical characterization are detailed in 

Chapter IX Experimental Section.  

According to the results feedback, the optimization of both the printing process and the 

elaborations of resistive sensors are run in parallel with the electrical characterizations (Figure 

131).  

 

Figure 131 Experiment work flow chart 
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VII.1 Experimental description: 

The elaborated ohmic sensors (P3/CNT sensors and pristine CNT sensors) were put in several 

Zn2+ solutions with increasing concentrations (500 ml, concentrations range from 0.1 ppm to 3 

ppm). The sensors were left for 20 minutes into the solutions. Then the resistance of each sensor 

was measured for two times by a Keithley 3706A-S source and a Keithley 2612B multimeter 

with an input current of 1 µA. Each measurement consists in averaging 10 ON-OFF cycles. 

More than two dozens of P3/CNT sensors and CNT sensors haven been elaborated and tested. 

Only sensors have stable resistances are analysed and discussed in this Chapter (error bar less 

than 0.5%). Their resistances vary from 10 kΩ to 600 kΩ. No sensors with resistances higher 

than 600 kΩ are discussed in this Chapter because their resistances responses were not stable. 

The sensors were separated into 4 batches and tested in 4 different days with each time freshly 

prepared zinc solutions. summarizes the resistances and the numbers and of P3/CNT and CNT 

sensors in each batch. 

Table 20 summarizes the resistances and the numbers and of P3/CNT and CNT sensors in each 

batch. 

Table 20 Recapitulation of initial resistances in each batch 

Batch number Rini (kΩ) Number of P3/CNT sensors 
tested 

Number of CNT sensors 
tested 

1 10 -  140 6 2 
2 60 - 540 6 6 
3 60 - 600 4 5 
4 100 - 600 4 6 

 

As resistivity (conductivity) of a material is sensible to its environment parameters, such as 

temperature and pH. Besides that, one analyte element may exist in different forms according 

to the environment and hence induce different effects on the sensors. For example, Zn ion may 

present in forms of Zn2+, Zn(OH)2, Zn(OH)4
2- etc. at different pH. Thus, the temperature and 

the pH of the analyte solutions were controlled during the experiment. The temperature was 

controlled within room temperature: 21 ± 1.5 °C for all the solutions; And the pH was between 

5.6 ± 0.5. These parameters are determined according to the conditions found in common water 

environment (e.g. the pH of bottled water is between 5.5 to 8.5[191]). As the variations in 
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temperature and pH were quite small4, thus we considered all the sensors were tested in similar 

conditions and their results were comparable. This assumption is confirmed by our preliminary 

results discussed in Section VII.2.  

VII.2 dR/Rini vs Zn2+ concentration 

In this Section, the relative variation of sensors’ resistances (dR/Rini) in function of the 

concentration of analyte Zn2+ is discussed. 

dR refers to the variation of the sensor’s resistance in solutions of different metal concentration 

compared to its resistance in the first solution (ZnCl2 0.1 ppm). 

Rini stands for the resistance of the sensor in the first metallic solution (ZnCl2 0.1 ppm). 

Analysis of all the sensors’ responses (P3/CNT sensors and pristine CNT sensors) shows that 

the variation trends of dR/Rini with Zn2+ concentration depends only on the Rini of the sensors. 

Three kinds of dR/Rini variation trend have been observed. They are presented in Figure 132.  

l The 1st type dR/Rini variation is observed for relatively small Rini (Rini < 350 kohms). 

The dR/Rini value during the whole experiment is positive: the dR/Rini increases at low Zn2+ 

concentration (Zn2+ concentration < 1 ppm). Then it could continue to increase (for sensors 

with Rini less than 100 kohms), or stabilize (for sensors with Rini higher than 100 kohms). For 

this type of sensors, their dR/Rini around 8% after their contact with 3 ppm Zn2+ solution. 

l The 2nd type dR/Rini variation is for sensors with medium Rini (350 kohms < Rini < 

500 kohms): dR/Rini increases with the concentration of Zn2+ at low Zn2+ concentration (< 0.5 

ppm). Then dR/Rini decreases with the concentration of Zn2+. dR/Rini could become negative 

for 3 ppm of Zn2+. That is why this variation trend is classified separated with the 1st type dR/Rini 

variation trend. The variation in dR/Rini during the whole experiment is within 5%. 

l The 3rd type dR/Rini variation has been observed for sensors with large Rini values 

(> 500 kohms): dR/Rini is negative and decreases with the concentration of Zn2+. This time the 

variation in dR/Rini is larger than the two other types, dR/Rini could decrease up to 30% for 3 

ppm of Zn2+.  

                                                        
4 Conductivity is temperature-dependent. Basic compensation is normally done by assuming a 

linear increase of conductivity versus temperature of typically 2% per degree Celsius.  
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The relation between the type of the variation and the sensors’ initial resistance are presented 

in Figure 133. It can be found that except for one point for pristine CNT sensors with an initial 

resistance around 420 kohms, all the other points are in good accordance with the type of 

classification methods presented above. The good match between the points and the model 

confirms the assumption that pH and temperature have tiny effect on the response trend 

of the sensor. However, we still have not figured out the reasons which result in the different 

types of variations. 

 

Figure 132 dR/Rini variation trend types 

 

Figure 133 dR/Rini variation trend vs Rini 

VII.3 P3/CNT sensors vs CNT sensors : dR/Rini vs Zn2+ concentration 

The previous analysis shows that the variation trend of dR/Rini vs Zn2+ concentration does not 

depend on the type of sensors. For P3/CNT sensors and CNT sensors with similar initial 

resistances, their dR/Rini variation trends are the same. Their dR/Rini variation values in response 

to the concentration of Zn2+ for each ranges of resistance are compared and discussed in this 

section. Here we compare P3/CNT sensors and CNT sensors with similar Rdry: Rdry stands for 

the resistance of the dry sensor before it is put in an analyte solution. Rdry is different from Rini, 
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which stands for the resistance of the sensor in the first analyte solution (ZnCl2 0.1 ppm). The 

difference between Rdry and Rini is further discussed in Section VII.5. 

l For sensors with low initial resistances (Rini < 350 kohms), their responses to the 

increasing concentration of Zn2+ is very small. Generally, putting the sensors in a solution of 3 

ppm of Zn2+ result in an increase around 3% to 7% of their resistances. Hence for P3/CNT 

sensors and pristine CNT sensors with low initial resistances, no significant difference was 

found between the two types of sensors. An example is presented in Figure 134, the red curve 

represents a pristine CNT sensor with a Rdry of 140 kohms, the yellow curve represents a 

P3/CNT sensor with a Rdry of 168 kohms. It can be seen from the figure that the difference 

between the two curves is less than 1%. Which is within the experimental error bar (± 0.5%). 

Thus, we could not see the effect of the polymer on the sensors’ responses. 

 

Figure 134 P3/CNT vs CNT (Low Rini) 

l For sensors with medium initial resistances (350 kohms < Rini < 500 kohms), 

similar with sensors having small initial resistances, the effect of the polymer on the response 

is not obvious, neither. An example is given in Figure 135. The red curve represents a CNT 

sensor with a Rdry of 419 kohms, and the yellow curve represents a P3/CNT sensor with a Rdry 

of 405 kohms. It can be seen from the figure that the difference between the two curves is less 

than 2%. Which is still very tiny compared to the experimental error bar. 
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Figure 135 P3/CNT vs CNT (Medium Rini) 

l For sensors with high initial resistances (Rini > 500 kohms), their resistances 

decrease with the increase of Zn2+ concentration. Their variations in resistances are larger than 

the sensors with smaller resistances: the dR/Rini variations are more obvious. Figure 136 

presents the responses of a pristine CNT sensor and a P3/CNT sensor with similar resistances 

(576 kohms and 577 kohms, respectively). It can be seen that when Zn2+ concentration is lower 

than 0.5 ppm, the two curves superpose one with the other. While in the range 0.5 – 3 ppm, 

dR/Rini of the P3/CNT sensor keeps decreasing linearly with same slope as in the 0.1 – 0.5 ppm. 

However, the slope of the pristine CNT sensor is less pronounced. P3/CNT sensor loses 10% 

more in resistance at 3 ppm compared to the CNT sensor. Figure 136 indicates an enhanced 

sensitivity brought by the P3/CNT sensor. Regrettably, only one series of the two types of 

sensors with similar resistances at high resistance range has been elaborated. This is because it 

is difficult to control P3/CNT and pristine CNT sensors resistances at high range of resistances 

by ink-jet printing. More sensors with comparable resistances at high range should be 

elaborated to confirm the effect of the polymer at high resistance range. 
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Figure 136 P3/CNT vs CNT (High Rini) 

The dR/Rini vs Zn2+ concentration analysis of P3/CNT and pristine CNT sensors does not reveal 

any significant difference between the two types of sensors. For further comparison of the two 

types of sensors, an easy way is to compare the slope of dR/Rini in function of Rdry.  

VII.4 P3/CNT sensors vs CNT sensors : dR/Rini slope vs Rdry  

This section will focus on the comparison of the two types of sensors on the slopes of dR/Rini 

curves. 

In previous sections, the analyses show that many dR/Rini curves have a turning point in their 

slope around 0.5 ppm (Figure 132). Thus, three different slopes are defined here: 

- Slope (all) stands for the linear fitting slope of the whole curve.  

- Slope (0.1 - 0.5) refers to the linear fitting slope of the curve segment 0.1 ppm – turning 

point of the curve (0.5 or 0.3 ppm).  

- Slope (0.5 - 3) denotes the linear fitting slope of the segment from turning point of the 

curve (0.5 or 0.3 ppm) to 3 ppm. 

The relation between the three slopes and Rdry are plotted in Figure 137 (a), (b), (c) respectively.  

In each figure, the points representing P3/CNT and pristine CNT are fitted with a polynomial 

equation (simple fitting by Excel). Polynomial equations were chosen because they have the 

best fittings to the experimental points. For example, in Figure 137 (a), the fitting for pristine 

CNT has a high R2 value of 0.90, and the fitting equation for P3/CNT has a R2 value of 0.67. 
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By comparing both the points and the fitting equations in Figure 137 (a) and Figure 137 (b), it 

can be found that the Slope (all) values are very close to Slope (0.5 - 3) values. And in Figure 

137 (a) and Figure 137 (b), no significant difference has been found between P3/CNT 

sensors and pristine CNT sensors. Which indicates the effects of the polymer on the sensors 

response to Zn2+ at concentration 0.5 – 3 ppm is not obvious. However, Slopes (0.1 – 0.5) are 

quite different from the two other slopes. Figure 137 (c) shows that the Slopes (0.1 – 0.5) values 

for all the sensors are between -0.19 and 0.51, the range is larger than the two other slopes 

which are between -0.11 and 0.05. From Figure 137 (c), it can be found that the general trend 

of the two types of sensors is similar. The slopes for the majority of the points are between 0.01 

and 0.1. While for CNT sensors, several points are out of this scope: two sensors with Rdry 

around 100 kohms have Slopes (0.1 – 0.5) around 0.5, one sensor with Rdry around 400 kohms 

has Slope (0.1 – 0.5) around 0.3. This may indicate that the polymers have increased the 

stability of the sensors responses to Zn2+ concentration in low concentration range. From 

all the three figures, it can be concluded that the effect of P3 on the resistance responses 

is not remarkable. 
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Figure 137 P3/CNT vs CNT: (a) Slope (all) vs Rdry (b) Slope (0.1 – 0.5) vs Rdry (c) Slope (0.5 –3) vs Rdry 
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VII.5 P3/CNT sensors vs CNT sensors: (Rini - Rdry)/Rdry vs Rdry  

The previous analyses show that P3/CNT sensors and pristine CNT sensors have similar 

responses to 0.1 ppm – 3 ppm ZnCl2 solutions. This may indicate that the effect of the 

polymer is very tiny on the resistance variations of the sensors. However, it may also 

indicate that from the first analyte solution, all ligand sites on the polymers are already 

occupied by the Zn2+ ions in the solution. To figure out if all the ligand sites of the polymers 

are already occupied at the first solution, a simply estimation is made according to the quantity 

of polymer used to prepare a resistive sensor and the titration results presented in the Chapter 

IV: 

Calculation estimation 

The Zn2+ mole quantity in the first solution (500 ml of 0.1 ppm) is calculated to be 7.7.10-4 

mmol (0.05 mg). 

Polymer quantity in the sensors:  

The volume of P3/CNT ink used to fabricate one sensor is estimated at 0.02 ml. There is 0.2 

mg polymer in 1.2 ml P3/CNT ink. Thus, the quantity of polymer is around 3.3.10-3 mg. 

According to the fluorescence titration of P3 with Zn2+ in Chapter IV: to saturate 0.01 mg of 

P3, 5.10-6 mmol of Zn2+ is needed. 

Thus, for 3.3.10-3 mg of P3, 2.10-6 mmol of Zn2+ should saturate all the sites. 

The quantity of Zn2+ in the 0.1 ppm solution is in large excess over the quantity needed to 

saturate all the ligands’ site in the polymers (7.7.10-4 mmol > 2.10-6 mmol).  

So, the P3/CNT sensors could already be saturated in the first metal solution. This may 

explain why no difference has been observed between the two types of sensors in 0.1 ppm – 3 

ppm ZnCl2 solution. To further confirm this, we have compared the responses of the two 

types of sensors to the 0.1 ppm Zn2+ solution.  

As expected, our experiment results show that when the sensors were put in the first metallic 

solution, their resistance varied from Rini to Rdry. Figure 138 details the relation between (Rini-

Rdry)/Rdry and Rdry for the two types of sensors.  

We observe from the figure that for P3/CNT sensors with resistances lower than 50 kohms, 

their resistances increased 7% - 11% after being put into the 0.1 ppm ZnCl2 solution. For 

P3/CNT sensors with resistances between 50 kohms and 250 kohms, their resistances were not 

altered by the ZnCl2 solution. While for sensors with resistances higher than 250 kohms, their 

resistances decreased when they were in contact with ZnCl2 solution. The percentages of loss 
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in resistances increases with the resistances: for a P3/CNT sensor with a resistance of 576 

kohms, it has lost 20% of its initial resistance after its contact with the 0.1 ppm ZnCl2 solution. 

For pristine CNT sensors, no sensors with resistances lower than 50 kohms have been 

elaborated, so no data are available to compare with P3/CNT sensors for this range of 

resistances. For sensors with resistances between 50 kohms and 100 kohms, both positive and 

negative resistances variations have been observed. This is different from P3/CNT sensors 

whose resistances were not altered by the 0.1 ppm ZnCl2 solution. Then from 100 kohms to 

500 kohms, (Rini-Rdry)/Rdry of pristine CNT sensors decreases from 10% to -10% as indicated 

in Figure 138.  

Figure 138 and Figure 139 clearly show the difference between pristine CNT and P3/CNT 

sensors thus the effect of polymer on the sensors response to a 0.1 ppm ZnCl2 solution. 

Unfortunately, we are still unable to observe an enhance in sensibility of P3/CNT sensors 

compared to pristine CNT sensors towards Zn2+. 

 

Figure 138 Scatter point figure: P3/CNT vs CNT: (Rini-Rdry)/Rdry   
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Figure 139 Scatter points with smooth curve figure: P3/CNT vs CNT: (Rini-Rdry)/Rdry  

VII.6 Conclusions 

To sum up, our preliminary experiment results have shown that the responses of the pristine 

and P3/CNT resistive sensors to 0.1 – 3 ppm ZnCl2 solutions only depend on the initial 

resistances of the sensors. Three types of dR/Rini variation trends have been observed. We still 

could not explain the reasons for these different trends in variation with the range of resistances. 

No significant difference has been found between the responses of P3/CNT and pristine CNT 

sensors. There could be different explanations for this. The first is that all the ligands grafted 

to the polymers in the P3/CNT sensors could already be occupied since the most diluted analyte 

solution. To confirm this, more diluted metal solutions should be prepared and tested. A second 

possibility is that metal ions were adsorbed on the defects functional groups (carboxyl groups, 

hydroxyl groups) on the walls of MWCNTs both in P3/CNT and pristine CNT sensors. Hence 

the two sensors answer in the same ways to the metal ions in solutions due to the adsorption of 

metal ions. In this case, high quality MWCNTs without (or with less) defects should be used to 

avoid the adsorption directly on the surface of CNTs. Besides the two reasons, other possibility 

is that the electric conditions used for the sensors have not been optimized, and the variations 

brought by the polymers could be undetectable by our equipment. In this situation, different 

values of current could be tested, and I-V(current-voltage) curve might be plotted in the place 

of one single I-V point. Another possible explanation is that, for MWCNTs, only the outer 

layers are interacting with the polymers. The electronic perturbation resulted from the 

interaction between the polymers ligands and the analytes on the outer layer of the MWCNTs 
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could be totally covered up by the good electronic properties of the inner walls of the MWCNTs. 

In this case, SWCNT should be used in the place of MWCNT. 

In conclusion, preliminary electrical characterizations of P3/CNT sensors and pristine CNT 

sensors towards ZnCl2 solutions have been investigated. Unfortunately, no evident difference 

and enhanced sensibility has been found between P3/CNT sensors and pristine CNT sensors. 

Optimizations on the experiments process and the materials choice (types of CNT) are needed 

to enhance the sensitivity of the sensors.  
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VIII  
Conclusion and 

perspective 
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VIII.1 Optical sensors: 

 We have synthesized two series of emissive conjugated polymers comprising the fluorene and 

carbazole motifs in the backbone. The first series consists of three random copolymers and the 

second series comprises three alternating polymers. Three coordinating groups were attached 

as pendant units to the carbazole moieties, namely 2-(2-Pyridyl)benzimidazole, 2-

Phenylbenzimidazole, and terpyridine. These polymers have been investigated as optical 

sensing elements to probe the presence of metal ions of importance in biology and for 

environmental issues in concentration ranges that can be reached in drinking water. Our 

investigations have shown that polymers comprising the 2-Phenylbenzimidazole moiety were 

not suitable to optically sense the investigated cations. This was attributed to an inefficient 

coordination of the cations to the 2-Phenylbenzimidazole group. It was found that 2-

(Pyridyl)benzimidazole was well-suited to probe the Ni2+ ion with an interesting selectivity, as 

shown by competitive titrations. The emission of P1 was also shown to be relatively sensitive 

to Cu2+ ions. As a general trend, switching to the corresponding alternating polymers increased 

the sensitivity to the targeted species. P4 emission dropped down to ca. 20% of its initial 

intensity with Ni2+ and Cu2+ ions, while the decrease was about 30 and 50% with P1, 

respectively. Furthermore, P4 luminescence was also efficiently quenched by the Ca2+ and Al3+ 

ions.  Sensing of the Ca2+ ion is an interesting point in view of assessing the hardness of water. 

The luminescence of P3, bearing terpyridine units, was found to be moderately sensitive to the 

Cu2+, Ni2+, Al3+, Ca2+ and Zn2+ ions with a maximum 25%-quenching of the emission intensity. 

This was probably due to a low content of the coordinating unit (3%). However, the 

corresponding alternating polymer (P6) showed an increased sensitivity to several cations. In 

particular, P6 emission was almost totally quenched by the Ni2+, Zn2+, and Cu2+ ions. The 

presence of Zn2+ and Cd2+ ions has the additional effect to raise a new emission band which is 

red-shifted with respect to P6 emission, an interesting point in view of elaborating selective 

zinc or cadmium optical sensors. If the terpyridine group had already been reported to yield 

polyfluorene derivatives optically sensitive to the Zn2+ ion, it had never been shown that it could 

yield sensitive polymers to the Cd2+ ion, which is among the most toxic metal ions. Also, P6 

showed a good sensitivity towards metal ions, it can detect Ni2+ and Zn2+ down to 2 ppb and 4 

ppb, respectively.  

Our conclusions, along with comparison with other polyfluorene-based conjugated polymers 

reported in the literature, confirms that both the coordinating group and the conjugated 
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backbone are important for the design of optical sensing molecules. For instance, the 

terpyridine moiety was described to give the best sensitivity for the Fe3+[192][193],or Ni2+[194][195] 

ions, depending on the polymer backbone. The same coordinating group can lead to a different 

sensitivity and selectivity with the same analyte depending on the backbone. This has to be 

taken into consideration anytime a new conjugated polymer is designed. 

To better confirm our conclusions, more polymers with the same type while different ratios of 

ligands could be synthetized and investigated by photoluminescence titrations. And in order to 

better understand the differences in selectivity of polymers, cyclic voltammetry or numerical 

simulation of the different polymers could be effectuated to compare their energy levels. 

VIII.2 Ohmic sensors: 

For the elaboration of ohmic sensors, we have formulated the CPs/CNT nanohybrid ink and 

confirmed the interaction between CNT and CPs by different characterizations methods. The 

deposition condition of CPs/CNT inks by ink-jet printing were achieved and optimized to 

obtain ink deposition with better quality and reproducibility. P3/CNT and CNT ohmic sensors 

have been elaborated and electrical characterization with ZnCl2 solution. Our preliminary 

experiment results have shown that the responses of the pristine and P3/CNT resistive sensors 

to 0.1 – 3 ppm ZnCl2 solutions only depend on the initial resistances of the sensors. Three types 

of dR/Rini variation trends have been observed. We still could not explain the reasons for these 

different trends in variation with the range of resistances. No significant difference has been 

found between the responses of P3/CNT and pristine CNT sensors. There could be different 

explanations for this. The first is that all the ligands grafted to the polymers in the P3/CNT 

sensors could already be occupied since the most diluted analyte solution. To confirm this, 

more diluted metal solutions should be prepared and tested. A second possibility is that metal 

ions were adsorbed on the defects functional groups (carboxyl groups, hydroxyl groups) on the 

walls of MWCNTs both in P3/CNT and pristine CNT sensors. Hence the two sensors answer 

in the same ways to the metal ions in solutions due to the adsorption of metal ions. In this case, 

high quality MWCNTs without (or with less) defects should be used to avoid the adsorption 

directly on the surface of CNTs. Besides the two reasons, other possibility is that the electric 

conditions used for the sensors have not been optimized, and the variations brought by the 

polymers could be undetectable by our equipment. In this situation, different values of current 

could be tested, and I-V(current-voltage) curve might be plotted in the place of one single I-V 

point. Another possible explanation is that, for MWCNTs, only the outer layers are interacting 
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with the polymers. The electronic perturbation resulted from the interaction between the 

polymers ligands and the analytes on the outer layer of the MWCNTs could be totally covered 

up by the good electronic properties of the inner walls of the MWCNTs. In this case, SWCNT 

should be used in the place of MWCNT. 

In conclusion, preliminary electrical characterizations of P3/CNT sensors and pristine CNT 

sensors towards ZnCl2 solutions have been investigated. Unfortunately, no evident difference 

and enhanced sensibility has been found between P3/CNT sensors and pristine CNT sensors. 

Optimizations on the experiments process and the materials choice (types of CNT) are needed 

to enhance the sensitivity of the sensors.  
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IX.1 Characterization methods 

IX.1.1 Nuclear magnetic resonance (NMR) 

The NMR spectra of the molecular compounds were recorded on a Bruker 300 MHz 

spectrometer. The chemical shifts were expressed as parts per millions (ppm) given relative to 

tetramethylsilane (TMS, σ = 0 ppm). 

IX.1.2 Steric exclusion chromatography (SEC)  

By steric exclusion chromatography, the separation of the different macromolecules 

constituting the polymer takes place according to their hydrodynamic volume. The smaller the 

molecules in the sample and the lower the hydrodynamic volume, the more they will be retained 

by the chromatographic column and the longer their retention time will be. Conversely, large 

macromolecules will come out of the column faster and will be at the beginning of the 

chromatogram (Figure 140). 

 

Figure 140 A cartoon illustrating the theory behind size exclusion chromatography[196]  

The GPC measurements were done with a Malvern Discotek equipement using THF as solvent 

and polystyrene as standard. 

IX.1.3 UV-Vis absorption 

The UV-Vis absorption spectra were recorded using a JENWAY UV-VIS Spectrophotometer 

Model UV 6800. THF was used as solvent. 
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IX.1.4 Photoluminescence 

The PL spectra were recorded using a HORIBA Jobin Yvon Spectrofluorometer Model 

Fluoromax-4. THF was used as solvent. 

IX.1.5 Inkjet printer 

The deposition of CNT ink was effected by Dimatix Material Inkjet Printer 2800 with DMP-

11601 cartridges. Figure 141 shows the major components of the Dimatix Materials Printer.  

 

Figure 141 Major components of the inkjet printer 

IX.1.6 Proteus chip 

The carbon nanotube ink is printed on silicon chips with platinum or gold electrodes as shown 

in Figure 142a. The size of an electrode is 1100 µm of width, and 850 µm of height. The 

electrodes are separated by 100 µm as shown in Figure 142c. An example of printed patterns is 

shown in Figure 142b.   
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Figure 142  (a) Schematics of a resistive CNT sensor (b) Optical image of printed patterns between the 

platinum electrodes on the silicon substrate for the sensing device (c) Generic structure of three target 

patterns with four electrical contact points. Three upper contacts are connected with three upper electrodes, 

and the lowest contact is connected to the ground[197] 

IX.1.7 Interferometric microscope 

The deposition of ink was characterized by Leica DCM 8. 

IX.1.8 Electrical characterization 

The resistance of each sensor was measured for two times by Keithley 3706A-S source and 

Keithley 2612B multimeter with an input current of 1 µA. Each measurement consists the 

average of 10 ON-OFF cycles. 
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IX.2 Reactants and solvents 

Commercial reagents bought from Aldrich, Alfa Aesar or WVR were used without prior 

purification. THF was freshly distilled over the benzophenone / sodium mixture. DMF was 

respectively dried over 3 Å molecular sieve and degassed under argon flow for half an hour 

before use. The spectroscopic grade solvents also come from Aldrich. 

IX.3 Synthesis and characterization 

IX.3.1 Synthesis of monomers 

All the three monomers were synthesized in 3 steps from commercial products. Their synthesis 

routes and intermediates were presented in the following schemas (Schema 5). And the 

synthesis methods are detailed in 1 to 7. 

For monomer M1/M2, carbazole were first brominated by NBS, the obtained product was the 

reacted with 1,6-dibromohexane in the presence of sodium hydride and finally the monomer 

M1/ M2 were synthesized by a coupling reaction between 2-(2’ -pyridyl)-benzimidazole/2-(2’-

phenyl)-benzimidazole and 3,6-dibromo-9-(6’ -bromohexyl)-carbazole in the presence of 

sodium hydroxide. 

For monomer M3, carbazole was first reacted with n-bromobenzaldehye, then the obtained 

product was brominated by NBS to synthesize 4-(3,6-dibromo-9H-carbazol-9-yl)benzaldehyde. 

The it was reacted with   2- acetylpyridine under mild condition to give monomer M3. This 

one-step reaction involves the enolate of 2-acetylpyridine by KOH under mild condition 

followed by aldo condensation and Michael addition then the diketone intermediate to form the 

central pyridine ring with an aqueous ammonia nitrogen source[198]. 

The intermediates and products were characterized by NMR 1H, 13C and mass spectroscopy for 

M2 and M3. 
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Schema 5 Synthesis of M1, M2 and M3 

1 3,6-dibromo-9H-carbazole 

 

Carbazole (10.0 g, 59 mmol) and NBS (23.4 g, 132 mmol) were added to cold DMF (100 ml) 

under dark condition and argon atmosphere. The mixture was warmed slowly to room 

temperature for 5 h under dark condition and argon atmosphere. The reaction mixture was then 

poured over ice. The solution was then filtered, and washed with diethyl ether and THF. The 

crude product was dried under vacuum overnight. 12.64 g 3,6-dibromo-9H-carbazole was 

obtained (65%)[199].  

1H NMR (300 MHz, CDCl3) δ 8.13 (d, J=0.9 Hz, 2H), 7.52 (dd, J=8.6, 1.4 Hz, 2H), 7.31 (d, 

J=8.6 Hz, 2H) 

2 3,6-dibromo-9-(6-bromohexyl)-9H-carbazole 
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NH4OH,EtOH, 1,4-dioxane,2-Acetylpyridine
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Dibromocarbazole (500 mg, 1.54 mmol) was dissolved in 5 ml dried THF in a 3-cone-flask 

under argon. Then sodium hydride (128 mg, 3.08 mmol, 60%) was added slowly into the 

previous solution under argon. 1,6-dibromohexane (0.71 ml, 4.62 mmol) was added to the 

reaction milieu under argon. The reaction milieu was heated under reflux overnight and the 

cooled to room temperature. It was extracted with dichloromethane followed by washing with 

water. The oil phase was separated and dried with MgSO4. The solvent was removed by 

evaporation, and the crude product was purified by silica column (EtOAc/Hexane=1:10) 

chromatography to give 1.65 g of white solid (yield: 55.6%)[200]. 
1H NMR (400 MHz, CDCl3) δ 8.15 (d, J=1.9 Hz, 2H), 7.56 (dd, J=8.7, 2.0 Hz, 2H), 7.20 (t, 

2H), 4.26 (t, J=7.1 Hz, 2H, CzN-CH2), 3.36 (t, J=6.6 Hz, 2H, Br-CH2), 1.83 (ddt, 4H) (aliphatic), 

1.46 (m, 2H) (aliphatic), 1.23 (m, 2H) (aliphatic). 
13C NMR (300 MHz, CDCl3, δ, ppm): 139.26, 129.06, 123.31, 123.30, 112.01, 110.35, 110.33 

(carbazole ring), 43.13 (N-CH2), 33.68, 32.47, 28.72, 27.82, 26.38. 

3 3,6-dibromo-9-(6-(2-(pyridin-2-yl)-1H-benzo[d]imidazol-1-yl)hexyl)-9H-carbazole 

(Monomer 1) 

 

(2 -pyridyl) benzimidazole (201.3 mg, 1.03 mmol) was added to a flask, 10 ml of DMF was 

added to dissolve the solid. Then sodium hydroxide (61.8 mg, 1.55 mmol) was added. The 

reaction mixture was cooled to 0º C by ice bath. 3,6-dibromo-9-(6-bromohexyl)-9H-carbazole 

(500 mg, 1.03 mmol) was added slowly to the flask. Leave the ice bath for 5 mins then remove 

the ice bath. Leave the reaction for room temperature for 1 day. It was subsequently poured 

into ice water (75 ml). The solid was filtered and dried. The crude product was purified by 

recrystallization in THF/Hexane to give a white solid 437 mg (yield 71%)[201]. C30H26Br2N4 
1H NMR (300 MHz, CDCl3, δ, ppm) 8.56 (d, 1H, J=4.8 Hz, Py-H), 8.44 (d, 1H, J=8.1 Hz, Py-

H), 8.19 (d, 2H, J=2.9 Hz, Cz-H), 7.85-7.89 (m, 2H, Py-H), 7.59 (d, 1H, J=2.4 Hz, Cz-H), 7.56 

(d, 1H, J=2.5 Hz, Cz-H), 7.39-7.42 (m, 1H, Cz-H), 7.33-7.38 (m, 4H, Ar-H), 7.24 (s, 1H, Cz-
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H), 4.8 (t, 2H, BmN-CH2), 4.2 (t, 2H, J=7.0 Hz, CzN-CH2), 1.82-1.90 (m, 4H, CH2) (aliphatic), 

1.39 (m, 4H, CH2) (aliphatic). 
13C NMR (101 MHz, CDCl3, δ, ppm) 150.8, 149.9, 148.7, 142.8, 139.4, 136.9, 136.7, 129.2, 

124.8, 123.9, 123.6, 123.5, 123.4, 112.2, 110.5, 110.2, 45.3 (BmN-CH2), 43.3 (CzN-CH2), 30.0, 

28.9, 27.0, 26.7 (aliphatic). 

4 3,6-dibromo-9-(6-(2-phenyl-1H-benzo[d]imidazol-1-yl)hexyl)-9H-carbazole 

(Monomer 2) 

 

Monomer 2 was synthesized with same procedure with monomer 1.  

2 -phenylbenzimidazole (100 mg, 0.5 mmol) was added to a flask, 10 ml of DMF was added to 

dissolve the solid. Then sodium hydroxide (31 mg, 1.55 mmol) was added. The reaction 

mixture was cooled to 0º C by ice bath. 3,6-dibromo-9-(6-bromohexyl)-9H-carbazole (250 mg, 

0.5 mmol) was added slowly to the flask. Leave the ice bath for 5 mins then remove the ice 

bath. Leave the reaction for room temperature for 1 day. It was subsequently poured into ice 

water (40 ml). The solid was filtered and dried. The crude product was purified by 

recrystallization in THF/Hexane to give a white solid 170 mg (yield 70%). C31H25Br2N3 
1H NMR (300 MHz, CDCl3, δ, ppm) 8.05 (d, J=1.9 Hz, 2H, Cz-H), 7.75-7.78 (m, 1H), 7.61-

7.57 (m, 2H), 7.45 (d, J=2.7 Hz, 1H), 7.43 (t, J=2.1 Hz, 3H), 7.42 (d, J=1.8 Hz, 1H), 7.28-7.21 

(m, 3H), 7.09 (d, 2H, J=8.7 Hz, Cz-H), 4.21 (t, 2H, BmN-CH2), 4.14 (t, 2H, J=7.0 Hz, CzN-

CH2), 1.64-1.75 (m, 4H, CH2) (aliphatic), 1.14 (m, 4H, CH2) (aliphatic). 
13C NMR (101 MHz, CDCl3, δ, ppm) 153.5, 139.2, 135.3, 129.9, 129.3, 129.1, 128.8, 123.4, 

123.3, 122.9, 128.8, 123.4, 123.3, 122.9, 122.6, 119.9, 44.43, 43.0, 29.5, 28.7, 26.6, 26.5 

(aliphatic). m/z= 599.06, calcd for C37H27N3Br2. 
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5 4-(9H-carbazol-9-yl)benzaldehyde 

 

Carbazole (3 g, 17.9 mmol), n-bromobenzaldehye (4 g, 21.6 mmol), 1, 10-phenanthroline (0.32 

g, 1.8 mmol) and CuI (0.34 g, 1.8 mmol) were dissolved in DMF (50 ml) and purged with 

Argon for 20 minutes. Then 18-Crown-6 (0.03 g, 0.1 mmol) were added and purged with Argon 

for 20 minutes. The mixture was stirred in DMF under inert atmosphere at reflux temperature 

for 36 h. The solvent was removed by rotary evaporation. The material was washed with water 

and extracted with ethyl acetate. The solvent was removed by rotary evaporation. The crude 

products were purified by recrystallization using THF/Hexane (1:5). The product was collected, 

and the dried under vacuum overnight. 4-(9H-carbazol-9-yl) benzaldehyde was obtained as a 

slightly yellow powder (2.67g, 55%)[202].  

1H NMR (300 MHz, CDCl3) δ 10.00 (s, 1H, CHO), 8.06 (d, 4H, H1 & H12, H5 & H8), 7.72 

(dd, 2H, H6 & H7), 7.41 (d, J = 5.5 Hz, 2H, H3 & H10), 7.37 (d, J = 6.7 Hz, 2H, H4 & H9), 

7.25 (d, 2H, H2 & H11)  

6 4-(3,6-dibromo-9H-carbazol-9-yl)benzaldehyde 

 

Carbazole-benzaldehyde (2.0 g, 7.4 mmol) and NBS (2.9 g, 16.2 mmol) were added to cold 

DMF (50 ml) under dark condition and argon atmosphere. The mixture was warmed slowly to 

room temperature for 5 h under dark condition and argon atmosphere. The reaction mixture 

was then poured over ice. The solution was then filtered, and washed with diethyl ether and 

N
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THF. The crude product was dried under vacuum overnight. 4-(3,6-dibromo-9H-carbazol-9-

yl)benzaldehyde was obtained as a slightly orange powder (2.36 g, 74%).  

1H NMR (300 MHz, CDCl3) δ 10.06 (s, 1H, -CHO), 8.15 (d, J = 15.2, 1.8 Hz, 2H, H1 & H10), 

8.08 (d, J = 8.3 Hz, 2H, H5 & H6), 7.67 (t, J = 9.7 Hz, 2H, H4 & H7), 7.47 (dd, J = 8.8, 1.8 Hz, 

2H, H2 & H9), 7.28 (d, 2H, H3 & H8). 

7  (4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)-terpyridine (Monomer 3) 

 

4-(3,6-dibromo-9H-carbazol-9-yl)benzaldehyde  (1.2 mmol, 500 mg) was dissolved in a 

mixture of 14 ml ethanol and 30ml 1,4-dioxane in a round bottom flask. 2-Acetylypyridine (2.4 

mmol, 324 µl), KOH (3.6 mmol, 200 mg) and 10 ml NH3 aq. (29%) were added successively 

to the flask. Heat the mixture at 75°C overnight. The solvent was evaporated, and the residue 

was dissolved in chloroform. Extract with water and saturated sodium chloride solution. The 

organic phase was washed with water. Evaporate the solvent. And the crude product was 

purified by reprecipitation in chloroform and hexane (295 mg, 40%)[203]. 

1H NMR (300 MHz, CDCl3) δ 8.83 (d, 2H, Hterpyridine), 8.78-8.67 (m, 4H, Hterpyridine), 

8.22 (d, J=1.9 Hz, 2H), 8.17-8.12 (m, 2H, Hcarbazole), 7.91 (td, J= 7.7, 1.8, 2H), 7.69-7.63 (m, 

2H), 7.55 (dd, J=8.7, 1.9 Hz, 2H, Hcarbazole), 7.39 (ddd, J=7.5, 4.8, 1.2 Hz, 2H, Hterpyridine), 

7.33 (d, J= 8.7Hz, 2H, Hcarbazole)  
13C NMR (75 MHz, CDCl3, δ, ppm) 156.05, 156.00, 149.13, 149.03, 137.36, 136.94, 132.09, 

128.88, 123.96, 121.39, 118.54. m/z= 630.0, calcd for C33H20N4Br2 
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IX.3.2 Synthesis of polymer by Suzuki Coupling 

The polymers were obtained from Suzuki-Myiaura coupling following the procedure 

previously reported (Schema 7)[1]. 

 

Schema 6 Synthesis of polyfluorene following Suzuki-Myriaura coupling 

1 Synthesis of homopolymer 

A 3-neck flask was connected to a vacuum line. To a solution 5 ml DMF was added to the flask 

and degassed with argon for 15 minutes. 9,9-di-hexylfluorene - 2,7-dibromo, 9,9-di-

hexylfluorene 2,7-diboronic acid, tetrakis(triphenylphosphine)palladium(0) (24 mg, 0.02 mmol) 

and cesium carbonate (391 mg, 1.28 mmol) were added to the flask under argon atmosphere 

and degassed for another 10 minutes. The reaction mixture was stirred for 3 days at 110 °C. 

After cooling to room temperature, bromobenzene (26 µl, 0.16 mmol) was added and then the 

reaction mixture was stirred at 110°C for 5 h. Then cooled to room temperature, and heated at 

110°C for 5 h after addition of phenylboronic (19.5 mg, 0.16 mmol). After cooling to room 

temperature, the reaction mixture was added dropwise into methanol (200 mL) affording a grey 

precipitate which was filtered off, dried under vacuum and dissolved in a minimum volume of 

chloroform. This solution was filtered, half-concentrated and then poured again dropwise into 

methanol (200 mL). Subsequent filtration yielded an off-white solid which was further purified 

by Soxhlet extraction with acetone (2 days). The final polymer was isolated as a grey solid. 

Yield: 160 mg, 60%[204]. 

a) Poly(9,9-dihexylfluorene) (PF).  

Yield: 60%.  
1H NMR (CDCl3): 7.77 (br, 2H, Ar), 7.61 (br, 4H, Ar), 2.08 (br, 4H, CH2), 1.07 (br, 16H, CH2), 

0.73 (m, 6H, CH3, CH2) 
13C NMR (101 MHz, CDCl3) δ 150.77, 139.49, 138.98, 125.13, 120.48, 118.95, 54.31, 39.35, 

30.44, 28.65, 21.54, 13.02. 
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2 Synthesis of copolymer 

Six fluorene derivatives were synthetized form the three dibromo-monomers and classified into 

two series: P1, P2 and P3 are random copolymers with fluorene:carbazole feed ratios of 4:1; 

P4, P5, and P6 are the corresponding alternating fluorene-alt-carbazole polymers with 

fluorene:carbazole feed ratios of 1:1. Their schematic structures are summarized in Schema 7[1].  

 

Schema 7 Structures of synthetized conjugated polymers 

a) Poly(9,9-dihexylfluorene-co-(pyridine-benzo-imidazole) carbazole) (P1). Yield: 56 % 

 

1H NMR (CDCl3, δ, ppm): 8.67 (m, 2H, ArH), 8.42 (m, 3H, ArH), 8.06 (m, 1H, ArH), 7.92 (m, 

1H, ArH), 7.78 (m, 10H, ArH), 7.63 (m, 19 H, ArH), 7.42 (m, 7H, ArH), 4.84(m, 2H, Cz-H), 

4.33 (m, 2H, Cz-H), 2.08 (br, 24H), 1.44(br, 14H), 1.06 (m, 60H), 0.71(br, 48H, CH3) 
13C NMR (101 MHz, CDCl3) δ 150.77, 150.65, 148.73, 147.58, 139.49, 139.30, 139.19, 138.98, 

135.77, 135.45, 127.75, 127.53, 126.16, 125.12, 123.68, 122.72, 122.57, 122.30, 121.60, 

120.48, 118.95, 109.12, 54.30, 44.23, 39.35, 30.46, 30.44, 28.65, 25.91, 25.64, 25.53, 22.82, 

21.56, 21.54, 13.05, 13.01, 12.99. 

The amount of the carbazole unit in the polymer chain is calculated to be 11% according to the 
1H NMR spectrum by comparing the intensity of the signal at 4.84 ppm and 4.33 ppm attributed 
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to Cz-H of M1 with the intensity of the signal at 0.71 ppm attributed to the CH3 groups of the 

fluorene’s hexyl chains. 

 (number of fluorene =48/6=8, number of M1=1, ratio=1/(1+8)=11%) 

b) Poly(9,9-dihexylfluorene-co-(phenyl-benzo-imidazole) carbazole) (P2). Yield: 

45%. 

 

1H NMR (CDCl3, δ, ppm): 8.40 (m, 1H, ArH), 7.84 (m, 10H, ArH), 7.64 (m, 24H, ArH), 7.44 

(m, 11H, ArH), 4.23 (br, 4H, Cz-H), 2.12 (br, 20H), 1.80(br, 6H), 1.14(br, 74H), 0.8 (br, 50H, 

CH3). 
13C NMR (75 MHz, CDCl3) δ 151.81, 140.52, 140.02, 129.35, 128.80, 127.22, 126.16, 122.87, 

122.56, 121.53, 119.99, 55.35, 40.41, 31.51, 31.49, 29.70, 23.86, 22.59, 14.10, 14.07, 14.04. 

As for P1, 11% of M1 were found to be inserted within the polymer backbone according to the 
1H NMR spectrum by comparing the intensity of the signal at 4.23 ppm attributed to Cz-H of 

M2 with the intensity of the signal at 0.8 ppm attributed to the CH3 protons of the fluorene’s 

hexyl chain. 

 (number of fluorene =50/6=6.25, number of M2=1, ratio=1/(1+6.25)=14%) 

c) Poly(9,9-dihexylfluorene-co-(phenyl-terpyridine) carbazole) (P3). Yield: 20% 

 

1H NMR (300 MHz, Chloroform-d): 8.87 (d, 2H), 8.75 (m, 6H), 8.56 (br, 2H), 8.23 (d, 2H), 

7.84 (br, 76H), 7.69 (br, 150H), 7.47(m, 2H), 7.36(m, 2H), 2.08 (br, 160H), 1.15 (br, 542H), 

0.81(br, 408H)  
13C NMR (75 MHz, CDCl3, δ, ppm) 151.81, 151.00, 149.22, 140.52, 140.02, 127.21, 126.16, 

121.52, 119.98, 55.34, 40.39, 31.48, 29.69, 23.86, 22.58, 14.05 

N

BrBr
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O

B

O

O

Br Br

1 equiv. +1.5 equiv. + 2.5 equiv.
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n 4n

1) Pd(Ph3)4, CsCO3,
DMF, Argon, 120oC
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2) Bromobenzene
3) Phenylboronic acid

N

N

N

N

N N

N

BrBr
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O

O

B

O

O

Br Br

1 equiv. +1.5 equiv. + 2.5 equiv.

N

N N

N

n 4n
1) Pd(Ph3)4, CsCO3,
DMF, Argon, 120oC
3 days
2) Bromobenzene
3) Phenylboronic acid
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The molar ratio of M3 within the polymer chain is calculated to be 3 % by comparing the 

integrated signals at 0.81 ppm attributed to the the fluorene’s CH3 groups and at 8.87-8.70 ppm 

attributed to the terpyridine moiety. 

averge ratio = 1/(68+1)=3 % 

Low ratio of terpyridine momoner could be due to the different reactivity steric hindrance and 

electron deficient character of tpy monomers). 

d) Poly(9,9-dihexylfluorene-alt-(pyridine-benzo-imidazole) carbazole) (P4). 

Yield=10% 

 

1H NMR (300 MHz, Chloroform-d) δ 8.60 – 8.02 (m, 4H), 7.88 – 7.56 (m, 7H), 7.55 – 6.78 (m, 

7H), 4.80 (br, 2H, Cz-H), 4.31 (br, 2H, Cz-H), 2.27 – 1.75 (m, 8H), 1.42 (br, 8H), 1.10 (br, 

12H), 0.77 (t, J = 6.7 Hz, 6H, CH3) [2]. 
13C NMR (75 MHz, CDCl3) δ 151.70, 150.69, 149.82, 148.60, 142.66, 140.76, 140.32, 139.56, 136.75, 

136.58, 133.12, 128.78, 127.20, 126.18, 125.59, 124.65, 123.70, 123.60, 123.26, 122.54, 121.59, 120.14, 

119.93, 118.98, 110.14, 109.05, 55.35, 45.26, 40.63, 31.52, 29.91, 29.77, 29.03, 26.94, 26.67, 23.84, 

22.61, 14.11, 14.07.  

The ratio of Monomer 1 in the polymer chain is calculated to 50% according to the NMR by 

comparing the number of protons at 4.80 ppm and 4.31 ppm attributed to Cz-H of momoner 1 

with number of protons at 0.77 ppm attributed to CH3 of fluorene’s hexyl chain. 

(number of fluorene =6/6=1, number of M1=1, ratio=1/�1+1�=50%) 

e) Poly(9,9-dihexylfluorene-alt-(phenyl-benzo-imidazole) carbazole) (P5).  

 

N

BrBr

B
O

O

B
O

O

1 equiv. + 1 equiv.
N

n n

1) Pd(Ph3)4, CsCO3,
DMF, Argon, 120oC
3 days
2) Bromobenzene
3) Phenylboronic acid

N

N
N

N

N

BrBr

B

O

O

B

O

O

1 equiv. + 1 equiv.
N

n n

1) Pd(Ph3)4, CsCO3,
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3 days
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N

N
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1H NMR (300 MHz, Chloroform-d) δ 8.49 (s, 2H), 7.93 – 7.63 (m, 10H), 7.55 – 7.30 (m, 5H), 

4.26 (d, J = 29.1 Hz, 4H, Cz-H), 2.15 (d, J = 13.0 Hz, 4H), 1.73 (d, J = 36.0 Hz, 3H), 1.12 (d, J 

= 7.3 Hz, 13H), 0.79 (q, J = 10.7, 6.8 Hz, 8H). 
13C NMR (75 MHz, CDCl3) δ 151.9, 151.7, 148.8, 148.7, 140.5, 136.9, 133.2, 126.4, 124.7, 

123.8, 123.3, 123.1, 122.6, 121.7, 120.3, 119.1, 109.5, 45.3, 40.6, 31.7, 28.9, 26.6, 24.0, 22.8, 

22.6, 14.3, 14.1  

The ratio of Monomer 2 in the polymer chain is calculated to 44% according to the NMR by 

comparing the number of protons at 4.80 ppm and 4.31 ppm attributed to Cz-H of momoner 1 

with number of protons at 0.77 ppm attributed to CH3 of fluorene’s hexyl chain. 

(number of fluorene =8/6=1.3, number of M2=4/4=1, ratio=1/�1+1.3�=44%) 

f) Poly(9,9-dihexylfluorene-alt-(phenyl-terpyridine) carbazole) (P6).  

1H NMR (300 MHz, CDCl3) δ 8.83 (d, 2H), 8.78-8.67 (m, 4H), 8.22 (d, J=1.9 Hz, 2H), 8.17-

8.12 (m, 2H), 7.91 (td, J= 7.7, 1.8, 2H), 7.77 (br, 2H, Ar), 7.69-7.63 (m, 2H), 7.61 (br, 4H, Ar), 

7.55 (dd, J=8.7, 1.9 Hz, 2H), 7.39 (ddd, J=7.5, 4.8, 1.2 Hz, 2H), 7.33 (d, J= 8.7Hz, 2H), 2.08 

(br, 4H, CH2), 1.07 (br, 16H, CH2), 0.73 (m, 6H, CH3, CH2) 
13C NMR (75 MHz, CDCl3, δ, ppm) 156.01, 151.78, 149.15, 140.62, 139.71, 137.10, 134.54, 

129.04, 127.21, 124.04, 121.47, 118.95, 31.52, 30.98, 29.75, 22.62, 14.12 

The final molar ratio of Monomer 3 in the polymer chain is calculated to 3 % by using 1H NMR 

spectrometry and by comparing the integrated signals s at 0.73 ppm attributed to CH3 of 

fluorene and the signal at 8.83 attributed to terpyridine. 

(number of fluorene 6/6= 1, number of M3=2/2=1; averge ratio = 1/(1+1)=50 % 

IX.3.3 Recapitulation of polymer parameters 

The molecular weights, ligand ratio and synthesis yield of different polymers were summarized 

in Table 21 and discussed in Chapter II Synthesis and characterizations. 

N

N N
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O
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1 equiv. + 1 equiv.
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N N
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n n
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3) Phenylboronic acid
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Table 21 Recapitulation of polymer parameters 

Polymers Ligand ratio Mw (kDa) Mn (kDa) PDI Yield 

PF 0% - - - 60% 

P1 11% 30.5 10.8 2.8 56% 

P2 11% 21.2 6.7 3.2 45% 

P3 3% 1.6 8.4 1.9 20% 

P4 50% 4.5 3.1 1.5 10% 

P5 44% 16.9 7.3 2.3 12% 

P6 3% * * * 30% 

*The molecular weight of P6 was not succeed measuring because the solubility of P6 is THF 

is so low to do a correctly SEC measurement. 

IX.4 Ink deposition by ink-jet printing 

CNTs/CPs ink were deposited onto Proteus chips by applying the following conditions. 

IX.4.1 Printing: 

The printing conditions applied for CNT/CPs inks are: nozzles voltages are 9 V, substrate and 

cartridge temperature are 30°C. The printing conditions applied for CNT pristine ink are: 

nozzles voltages are 10 V1, substrate temperature is 60°C and cartridge temperature is 30°C. 

The size of each pattern is 300 µm × 300 µm with drop spacing of 5 µm (corresponding to 5080 

drops per inch (dpi)). The thickness of substrate was set as 500 µm. And vacuum was on during 

the printing to fix the substrate. 4 – 6 of nozzles were using during the printing, and the voltages 

of the rest of nozzles were set to 0 V to decrease the interference between nozzles.  

IX.4.2 Post treatment: 

After the deposition of the inks on silicon substrate, the substrate was heated at 150 °C for 20 

minutes to dry the DCBZ. Then the residual DCBZ was rinsed away by immersion and slight 

agitation in acetone for 8 seconds per deposition layer and followed by drying with a nitrogen 

flow.  

                                                        
1 Later studies in our team have found that the ideal droplet speed is around 700 µm/ 100 µs to obtain a better quality 
of printing. And this could be adjusted by controlling separately the voltages of each nozzle. 
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IX.5 Device 

IX.5.1 Device elaboration 

Once the CNTs/CPs ink were deposited onto Proteus chip. The chips were connected into 

electric circuit following several steps (Figure 143). 

 

Figure 143 Process to elaborate resistive sensors 

The chips deposited with nanohybride inks were pasted onto PCB with glues (LOCTITE® 431, 

5 – 10 second fixation) (Figure 143b). The PCB was heated at 110°C for 10-20 minutes. The 

chips were bonded to PCB with Au wire of 25 µm diameter. 2 wires were bonded for each 

electrode contact (Figure 143c). The bonded wires were covered with glues (NORLAND 

OPTICAL ADHESIVE) to protect the bonding (Figure 143d). The glues were dried with UV 

lamp at 360 nm until the glues become rigid (around 1 hour). The PCB was then soldered with 

Tin wires (Sn62, diameter 1.0 mm) at 350 °C (Figure 143e). And the PCB was connected into 

electrical circuit for electrical characterizations. 

IX.5.2 Electrical characterization 

The resistances variations of sensors in the exposure to different quantity of metal ions were 

recorded to study their sensibility. For each measurement, the resistive sensors were put into 

metal ion solutions and wait for 20 minutes’ stabilizations. Then the resistances of each sensor 

were measured by Keithley® 2612B. Each solution was measured two times to confirm and 

the average of the two measurements was calculated to evaluate the electrical responses of the 
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sensors to metal ion solutions. The pH, temperature and conductivity of each solution were also 

measured as they may influence the responses of the sensors.  

IX.5.3 Resistances of solutions 

The resistances R of solution could be estimated as:  

7 = 9
:
;
< 

where: 

ℓ is the length of the CNT ink deposition (m); 

> is the cross-sectional area of the CNT ink deposition (m2).  

? is the electrical conductivity of the solution (S/m). 

ℓ is 100 µm. A is estimated as 1100 µm x 200 nm (cross-sectional area of Pt electrodes). ? is 

estimated as 0.4 µS/cm (conductivity of 0.1 ppm ZnCl2 solution).  

R is estimated as 1.1E7 kΩ by the calculation. Which is much higher than the resistance of CNT 

deposition (500 kΩ). Thus, the solutions are considered as insulator. 
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Annexes 

1. NMR spectra 

1.1 NMR spectra of monomers 

(a) M1 
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(b) M2 
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(c) M3
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1.2 NMR spectra of polymers  

(a) Polyfluorene 
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(b) P1
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(c) P2 
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(d) P3 
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(e) P4 
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(f) P5 
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(g) P6 
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2. LC-MS 

(a) M2 

 

 

Figure 144 ESI-P MS analysis of M2 
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