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Abslract 

This dissertation explores the design, synthesis, characterization and applications of 

conjugated polymers as nuorescence "tum-on" chemosensors and carbon nanotube 

(CNT) dispersants. A series of poly(p-phenylene ethynylene)s (PPEs) were synthesized 

using the Sonogashira cross coupling reaction and "click chemistry" was applied to 

introduce receptor groups such as amino groups to the side chain of the polymers. The 

ability of synthesized polymers to detect metal ions through a fluorescence "turn-on" 

mechanism was tested using various metal ions with UY-Yis and fluorescence 

spectroscopic techniques. The receptor was also introduced to the backbone of the 

water-soluble polymer to study the efficiency of the polymer in aqueous media. To 

investigate the binding stoichiometry between the polymer and a metal ion, a IH NMR 

titration experiment was conducted to obtain a "Job plot". Further evidence for the 

stoichiometry ratio was provided by applying UY-Yis titrat ion data to the "SPEC FIT" 

analysis software. Click chemistry was also used to functionalize the PPEs with 

electron-rich groups such as anthracene and pyrene to interact with CNTs. The 

difficulties in working with c lick-produced monomers and synthesized polymers are 

discussed in terms of low solubility in organic solvents. An alternative synthetic approach 

to overcome the solubility problem is also described in chapter 3. 
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Chapter 1 

Introduction 

1.1 Conjugated polymers 

1.1.1 Type, of conjugated polymcn(CPs) 

Conjugated polymers constitute an important class of organic semiconductors, which 

show abundant electronic and optical properties owing to the extensive x-ele<:tron 

delocalization along the polymer backbone. Conjugated polymers have been the focus of 

significant interest during the past decades because of their wide application in advanced 

optoelectronic devices such as light-emitting diodes (LEOs), solar cells, and field-effect 

transistors (FETs).1 Conjugated polymers are synthetically prepared in various types and 

structures. Poly(p-phenylene vinylene)s (PPYs), polydiacetylenes (POAs), poly(p-

phenylene)s (PPPs), polythiophenes (PTs), and poly(p-phenylene ethynylene)s (PPEs) are 

the most notable representatives of the vast family of well-studied conjugated polymers 

intenns of properties, synthesis, and practical applications (Fig ure I-I)? 

Figure 1-1: Mole<:ular structures of some representative CPs. 

Inl 
[,s'1', 
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1.1.2 Synthesis of CPs 

The classic Pd-catalyzed Heck-Cassar-Sonogashira-Hagihara methodology 

(commonly referred to as the Sonogashira coupling) is one of the most common 

approaches used to synthesize various CPs. In this reaction. a single bond is fonned 

between an sp carbon and an aromatic through the cross coupling of aryl or vinyl halides 

and tenninal alkynes (Scheme I-I). 

R~Y 

X- Sr.1 R _ Alkyl.AryI 
OH. OR. CO:lR Y - Ao:: (n~ri"' . ester). Oon (OR. NR2• alkyl) 

Scheme I-I : Examples of So nag ash ira coupling reactions. 

Scheme 1-2 : Catalytic cycle of the Sonogashira coupling reaction. 
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A Pd (0) complex and a halide sail of copper (I) are the two active catalysts 

promoting this reaction. Commercially available Pd(PPh1)lCb (Pd (II) complex) is 

frequently used as a source of Pd, which is reduced in siru to palladium (0) species by the 

consumption oftenninal alkynes in the beginning of the catalytic cycle (Scheme 1-2)? 

1.1.3 Poly(p-phenylene efhynylcne)s (PPEs) 

PPEs have been used in semiconductor devices such as LEOs and photodiodes. The 

main problem to work with PPEs is their low solubility in common organic solvents due 

to the fonnation of some cross-linking and diyne defects during the polymerizlltion 

process.) Cross-linking in PPEs is a general problem encountered in synthesis at high 

temperatures; however, this problem can be avoided if the polymerization is conducted Ilt 

room temperature or below Ilt least 70 0c.2 Although solubility can be improved by 

addition of long-chain alkoxy groups 10 the backbone of the polymer, the synthesized 

polymer usually still shows low solubility in organic solvents. The use of excess diiodide 

monomer in the polymerization and employing mono-iodide compounds as endcapping 

reagents are two approaches to funher enhance the solubility.2 

1.1.4 Functionillizafion methods for PPEs 

Various types of PPEs can be achieved by the combination of dialkoxy-subslituled 

phenyl diiodides and various dialkynylbenzenes through Pd-catalyzed coupling reactions. 

Click chemistry is one powerful method 10 introduce various functional groups to the 

backbone oflhe polymer.' 
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Si(iPr), S~iPr>J S(iPrh 

t t o OR a 
I OR 

° -0-~ RO 1 .... I--y-I --- I~I 
o Pd(PPh>hC~.Cul 

I 
(PrillSi 

1° RO . lO 
& ij 

(PrihSi (PnhS; 

THF . P~ridl'" 

~~ I Pd(PPII,),CI,.Cul 

THF,Plperkl .... 

,N. R Si(iPrh 

~J ~ 
1-0-1 ~~~~::~~. 1-9-' 
° ° ~ ,. I ,., 

R"N~N (PlinS; 

Scheme 1-3: Pre- and post-funclionalization of PPEs by click chemistry,lO 

One of the most popular click reactions is based on the 1,3-dipolar cycloaddition of 

Ilzides to alkynes, which was originally investigated by Huisgen lind Szeimies,· In 2000. 
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Sharpless and co-workers used Cu(l) as an efficient catalyst to produce 1,4-disubstituted 

I ,2,3-triazoles as Ihe only product.IThe specificity oflhis transformation, the high yield, 

and the simple react ion conditions make this reaction widely applicable for synthesizing 

both small molecules and functionalized polymers. 

By the click method, various functional groups can be attached to the backbone of 

the polymer wi th the same triazole linker group. which is considered an advantage in 

studying properties of various PPEs with different pendant groups. Bunz and co-workers 

synthesized a series of funct ionalized PPEs employing click chemistry.6 Pre- and post­

functionalization methods were both exploited to synthesize polymers containing the 

same functional groups (Scheme 1-3). 

In the pre-functionalization approach. click reactions are conducted at the stage of 

monomer synthesis. The click products can be purified before polymerization, which is 

an advantage of this method. On the other hand, in the post-functionalization approach, 

synthes ized polymers containing some pendant alkyne groups undergo click reactions. 

Th is approach is particularly suitable for introducing functional groups which show low 

stabi lity under harsh polymerization conditions. The Bunz group reported that polymers 

have been functionalizcd up to 90% by the post-functionalization approach.6 

1.2 Poly(p-phenylene ethy nylene)!I (PPEs) as chemosen!lors 

1.2.1 Basicsor chemosenson 

A chemosensor is a molecular receptor which detects certain external stimuli and 

turns it to a signal which can be measured or recorded. ' The external stimuli could be 
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physical quantities (such as weight), chemical analytes or biological components. A 

receptor element, a signal transducer, and a read-out mechanism are the three essential 

parts of a typical sensor. A key component of a sensor is the receptor element which 

directly interacts with the analyte. 

Three types of sensors based on the external stimulus are physical sensors, 

biosensors and chemical sensors. Chemical sensors have been designed to detect cations, 

anions, neutral molecules, acids, chemical vapors and many other speeies. The 

selectivity, detection limit, sensitivity and reversibility are important factors to be 

considered in sensor design. J 

1.2.2 Fluorescent chemosenson 

Radiative relaxation of excited electrons from the excited state to the ground state by 

emission of photons is called fluorescence. Chemosensors that have been designed based 

on fluorescence signal changes are referred to as fluorescent chemosensors. The 

fluorescence change could be in emission intensity, fluorescence lifetime, or shift of 

emission wavelength." 

Fluorescence "tum-otr' and ''tum-on'' are the two types of sensory responses based 

on the photoinduced electron transfer (PET) mechanism. In the tum-olT system, the 

excited fluorophore with the free receptor is highly fluorescent. Upon addition of the 

anal)1e, the LUMO energy level of the receptor/analyte pair stands between the HOMO 

and LUMO energy levels of the fluorophore. This leads to dissipation of the excitation 

energy and quenching of fluorescence (Figure 1_2).20 



1 LUM0 --t;-

E j 
HOMO --f.i. 

Excited fluoropltore with 
free receptor 

Strongly nuore~cenl 

t LUMO T\ 
EI HOMO f-

Excited floorophore with 
analyte bound with receptor 

Weakly fluorescenl 
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LUMO 

Figure 1-2: Orbital energy diagrams depicting fluorescent "tum-off" based on PET 

mechanism. 

I LUMO T\ 
E r-

HOMO + 4j- HOMO 

Exciled Free 
tluorophore receptor 

Weakly fluorescent 

E) LUMO -+j ", 
HOMO+ * HOMO 

Excited Bound 
fluorophore receptor 

Strongly fluorl'llccnl 

Figure 1-3: Orbital energy diagram depicting fluorescen t "tum-on" based on PET 

mechanism . 

[n the fluorescence "turn-on" system, the fluorescence is quenched by the non-

bonding electron pair of the receptor via rapid intramolecular charge transfer (ICT) from 

the receptor to the excited fluoropltore. Wlten an electron deficient analyte, such as a 
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Lewis acid, is added to the solution, the electron lone pair of the receptor coordinates 

with the analyte to lower the energy of the HOMO of the receptor. As a result, it turns on 

the fluorescence of the fluorophore(Figure 1_3).11 

1.2.3 PPEs as nuorescent ehemoseuson 

PPEs have been successfully designed as chemosensors to detect various types of 

analytes during the past decade.12•14 Swager and co-workers have pioneered the use of 

CPs as chemosensors and introduced the molecule wire and signal amplification 

concepts.S 
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Figure 1-4: Schematic representation of molecule wire concept in CPs versus single 

molecules. 

In PI'Es, the entire polymer chain is bound together by saturated sigma bonds as well 

as the continuous pattern of unsaturated, conjugated bonds. The conjugation between the 

repeating n- units affords a "molecular wire" (Figure 1.4).20 PPEs or analogous molecular 
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wires have several advantages over small molecules as chemosensoTS. The electronic 

communication between receptors along the polymer backbone is enhanced. In addition, 

the chemical structures of PPEs can be modified easi ly to allow them to selectively 

interact with particu lar analytes. ' s 

1,2.4 PPEs as flu orescent " IUfD-off'" ehemOliensors 

Generally, PPEs are strongly fl uorescent due to the extended It-conjugation system. 

They exhibit strong fluorescence quenching in the presence of electron-deficient species. 

Amplification of the quenching effect occurs through facile transportation of an exciton 

along the It conjugated polymer chain (molecular wire). 

Swager and co-workers attached a cyelophane-based receptor to the backbone of the 

PPE for the detection of K+ ion. 16 Bunz and co-workers synthesized a series of sugar-

functionalized PPEs (compound 1-11 ) (Figure 1-5) and used them successfully to detect 

Hg2+ and Pb2+ cations through the turn-offmechanism. 11 By repeating the experiments 

using PPEs, they demonstrated that the presence of sugar groups is essential 10 the 

detection o f these particular cations. 

PPEs have been employed successfully 10 selectively detect nilroaromatic explosive 

vapors such as TNT and DNT. " Swager ef al. introduced a rigid three-dimensional 

pentiptycene moiety in the backbone of the polymer (Figure 1-5). The fluorescence of the 

pentiptycene-derived polymer films (compound 1-10) is rapidly quenched upon exposure 

to the vapors of TNT and DNT. 
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1· 10 1· 11 

F igure 1·5: Molecular structure of the polymer to detect vapors of TNT and DNT 

(left)", and chemical structure of the polymer to detect Hg2' and Pb2 ' cations (right)17. 

The rigid three·dimensional pentiptycene is an electron·rich group that provides 

porosity in the polymer so that electron deficient compounds, such as TNT and DNT, can 

penetrate inside the cavities and interact with pentiptycene groups through nonbonding 

electron ic interactions. Since electronic properties and cavity size of the polymers are the 

two key factors responding to electron deficient moieties, el«tron-rich polymers with 

larger cavities should give even stronger nuorescence response. Based on this concept, a 

sensory device to detect TNT and DNT has been developed by lex Nomadics, Inc. II 

J,2,5 F1uorescent " turn-on"chemosenson 

In most cases, PPE-based chemosensors are based on the "tum-otr' mechanism. 

Since PPEs have very high fluorescent background, to make PPEs showing lower initial 

fluorescence is challenging but crucial to achieving "turn-on" systems. The nuorescence 

intensity of PPEs can be quenched by many factors including impurities, aggregation, and 

nonspecific cations. The greatest advantage of nuorescence "turn-on" sensors over "turn· 

10 
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off' sensors is the ease of measuring low concentrations contrast relative to its "dark" 

background. '9 

l -ll 1·13 1· 14 

Figure 1-6: Examples of smal l molecules as fluorescence "tum-{)n" sensor.12.2l 

1.2.6 Sma ll molecules as fluorescent " turn-on" sensors 

Several groups have developed small molecu les as "tum-{)n" chemosensors based on 

the photoinduced elC1:tron transfer (PET) mechanism. In general, Lewis bases function as 

receptors to interact with analytes that usually are Lewis acids. In most cases, amino 

groups are used as receptors, whi le anthracene or other emissive aromatic groups as 

fluorophore. The de Silva groupll employed compounds 1-12 and l -U as fluorescent 

tum-{)n sensors (Figure 1-6). In these examples, the synthesized compounds show only 

weak fl uorescence emission. Upon addition of potassium cations to compound 1-12, 

chelation of K' wi th the azacrown ether induces a fluorescence enhancement by a fac tor 

of forty-seven in methanol.21 For compound 1-13. since the receptors have been doubled, 

a much higher response to potassium cations than compound 1-12 has been observed?2 

Czarnic el al. used compound 1-14 (Figure 1-6) as a potassium sensor.u The 

fluorescence of anthracene is quenched through photoinduced electron transfer from the 

11 
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nitrogen atoms of the receptor. The fluorescence is strongly initiated with the addition of 

ZnC I2 by a factor of IOOO-foid at the saturation point of a titration in CHJCN. Zinc 

cations chelate with amino rlXeptors to terminate the PET process between the amino 

receptor and fluorophore. 

water-sohlble 
CiJtiooicPPE 

1-15 

Figure 1-7: Polymers 1-15 and 1-16 which have been deposited on the glassslide:4 

1.2.7 PPEs as fluorescent "turn-on " chemosensors 

Although many examples of small molecule sensors exist in the literature, few 

examples of PPEs have been presented as "fluorescence" tum-on chemosensors. Swager 

and co-workers reponed the pH-dependant system including polymers 1-15 and 1-16 

which undergo intramo lecular energy transfer to exhibit fluorescence enhancement 

(Figure l_7).24 The water-soluble cationic poly(p-phenyJene ethynylen) (PPE) (I-I5) and 

the anionic polyacrylate (1-16), to which dye has been appended to the polymer's 

backbone, were deposited layer by layer direct ly onto a glass slide. Emission of polymer 

12 
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I- IS (471 nm) overlaps with the absorbance band of the dye which is at 490 nm. As a 

result, when this system is excited at the absorbance wavelength of polymer I- IS, the 

nuorescence enhancement of the dye with increasing pH is observed 10-fold stronger 

than a case in which the system is excited at the absorbance wavelength of the dye. It is 

concluded that this overlap encourages nuorescence resonance energy transfer. 

CH,N",," ~oo ~R'R" 00 » + ~ ~-!J ~~ ~ - - -
sBr RO ~ s-~!J-

a b RO n 

dea..PPETE NR'R"'N(CH,CHJ. 

tmeda..PPETE NR'R"'N(CH,>CHP1,N(CHJ, 

Figure 1-8: Structure of conjugated polymers as fluorescence tum-on chemosensors.lS 

In another study, lones lr. ef af. report the synthesis of two different types ofpolyfp-

(phenylene ethylene)-alt-(thienylene ethynylene)) (PPETE) and use them as nuorescent 

tum-on chemosensors ror cations?' The receptors are N,N-diethylamino and N,N,N-

trimethylethylenediamino groups in dea-PPETE tmeda-PPETE, respectively (Figure 1-

8). Tmeda-PPETE showed better fluorescence enhancement, compared to dea-PPETE, 

upon addition of metal cations such as Hg2+, Zn2', Ca2+ and H' The tmeda-PPETE 

exhibited selectivity toward Hg2+ ion as it showed 2.7-fold enhancement in fluorescence 

intensity for Hg2- at the saturation point of titration (Figure 1-9). Jones 1r. et af. 

attributed the different responses of dea-PPETE and tmeda-PPETE towards the same 

cations to the relatively different HOMO/LUMO energy levels of the two amino groups 

13 
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of the polymer backbone. Since the tmeda-PPETE possesses a high fluorescence 

background, its efficiency as a tum-on sensor is very low in terms of metal cation 

sensing. 
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Figure 1-9: Fluorescence titration oftmeda-PPETE with Hgl+ cations." 

Jones Jr. and co-workers studied another fluorescence turn-on system to detect Fel• 

ions in THF.26 The synthesized polymer (tmeda-PPETE) (Figure 1-8) was treated with 

various metal cations. The fluorescence intensity of the polymer was enhanced was 

observed upon addition of certain metal cations; however, the fluorescence was 

dramatically quenched upon addition of Cul• in THF. A ISO-fold fluorescence 

enhancement by addition of Fe2+ to the tmeada-PPETElCu'+ hybrid system, whereas 

other metal cations such as ZnH, Mn2., CoH and CaH did not cause any significant 

enhancement (Figure 1-10). 

14 
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Figure 1· 10: Fluorescence response of hybrid (white) and tmeda-PPETE (black) to 

variouscationsinTHF.16 

In fact, the hybrid system provides a dark fluorescence background, which is an 

essential factor for turn-on systems. Since the emission maximum did not shift and the 

UV-Vis changes were insignificant, Jones Jr. and colleagues concluded that the overall 

electronic structure of the polymer upon addition of Fe2- is constant; hence, the iron 

cation has replaced the copper cat ion in the receptor. 

Wei et 01. reported a turn-on based chemosensor to detect Hi' selectively in THF.27 

The synthesized polymer, chiral polybinaphthyls incorporating diethylamino and 

bcnzo[2.1 ,3 Jthiadiazole (8T) moieties as receptors (Figure 1. 11), showed stronger 

fluorescence enhancement for the Hg2+ cation compared with other metal ions such as 

Mg'., Ni2>, Ag" Mn2+, Zn2+ and FeH (Figure 1-12). Because of the high fluorescence 

IS 
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background of the synthesized polymer, they observed only a 1.8-fold enhancement upon 

addition ofHg1' cation. 

4 \ 'ON 
N-S 

O~N::::== 

1-17 
Figure 1-11 : Molecular structure of the chiral polymer to detect HgH cations. 

In order to study the selectivity of the polymer to the Hg2+ cation, Wei el al. carried 

out the fluorescence titration of the polymer with Hgl ' cation in the presence ofa mixture 

of several cations such as Cu··, Ni2• and Cd2+. The polymer exhibited the same 

fluorescence enhancement without interference from other metal cations in a particular 

range of concentrations. Hence, they concluded that the polymer can selectively detect 

the Hg2+ cation in the presence of other metal ions. However, the low intensity for the 

fl uorescence enhancement and selectivity to a specific metal cation only in a narrow 

range of concentrations, are the obstacles for this polymer to be considered as an efficient 

chemosensoT. 

Wang et al. reported another fluorescence tum-on polymer chemosensor.21 Both o f 

the synthesized polymers (1-18 and 1-19) consist of the dibutylamino group as a receptor 

on the backbone of the polymer (Figure J -13). They conducted fluorescence titration for 

two polymers with different metal ions. 

16 
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.'igure 1-12 : Fluorescence enhancement response of the chiral polymer to various metal 

cations?7 

The fluorescence enhancement with the intensity of almost I-fold was achieved for 

1-19, during the titration with Cu1+ On the contrary, the em ission spectrum of 1-18 is 

quenched upon addition ofCu2+. 

Figure 1-13: Molecular structure o f synthesized polymers (1-18 and 1-19). 

17 
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They att ributed the quenching effect of 1-18 to the aggregation of polymer chains 

due to the addition of metal ions. Since 1-19 has nearly the same chemical structure as 

that of 1-18, it would also be expected to undergo aggregation upon addition of metal 

ions. 

1.3 PPEs as ca rbon nanolu be (CN1) db pcna nl! 

1.3.1 Background of carbon nanotu bes (CNTs) 

The discoveries offullerenes29 and carbon nanotubes (CNTs)lO around the late 1980s 

captured wide scientific research interest. The CNT is an allotrope of carbon with a 

IUbular shape, a diameter as small as one nanometer (nm) and the length on the micron 

scale. Two basic categories of CNTs, in terms of layers, are single-walled nanotubes 

(SWNTs) and multi-walled nanotubes (MWNTs). 

1.3.2 Va rious types or CNTs 

The structure of CNTs is characterized according to the different angles in which 

graphene sheets wrap to form various types of SWNTs, such as "zigzag", "armchair", and 

"chiral". They are defined based on the chiml vector (Ch) and two indices (n,m). If n - m, 

CNTs are called armchair, when m .. 0, they are named zigzag nanotubes, otherwise they 

are identified as chiral (Figure 1- 14). "Metallic" and "semiconducting" are two other 

categories of SWNTs in terms of electronic properties. If n-m" 3x (x is an integer). 

nanolubesare metallic, otherwise they are semiconducting.ll 

IS 
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Figure 1·14. Schematic diagram ofa SWNT with rolling vector (left) and three different 

types of carbon nanotubes based on the angle ofchiral vector (right).'2 

1.3.3 Synthetic methods (or CNTs 

Several methods have Deen exploited to synthesize CNTs, including "as.prepared" 

SWNTs, high pressure CO disproportionation (HiPCO), as well as cobalt-molybdenum 

catalyzed (CoMoCAT nanotubes). However. achieving SWNTs with specific diameters 

and lengths is impossible using these methods. Furthennore, the produced SWNTs are 

not homogenous and contain MWNTs and other impurities, such as residual catalysts. 

Therefore, one research challenge over the past two decades has been the purification of 

SWNTs in tenns of diameter and electronic properties.)1 

1.3.4 Propertics of CNTs 

CNTs not only possess exceptionally interesting mechanical and thennal properties, 

such as strength and flexibility. they also exhibit unique electrical and optical properties 

due to thei r specific structures.]] While the sidewall of an ideal SWNT is considered to be 

composed of hexagonal networks of carbon atoms with Sp' hybridization, the end cap 
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contains the hexagonal as well as pentagonal networks of carbon atoms, which make 

them more susceptible to reactions with other compounds. 

Real SWNTs have defects, such as pentagonal or heptagonal rings, as well as inward 

or outward bends in their sidewalls due 10 their growth process. SWNTs bundle together 

in the solid state through supramolecular forces, such as It-/r interactions and van der 

Waals forces between sidewalls to form highly complex networks.]) These bundled 

SWNTs are enormously difficult to disperse in solvents. 

1.3.5 A pplication ~ 

Because of the remarkable properties of CNTs, they have been manipulated in 

various areas, as will next be concisely described. 

High strength compvJites' 

CNTs are utilized \0 enhance the physical properties of materials, such as polymers, 

in terms of strength, durability and nexibility. Furthennore, the reinforced 

nanocomposites are extremely tight in comparison to other materials with the same 

toughness, because of the low-density property of CNTs. This feature makes them 

valuable materials in the aviation industry.14 

Sensors: 

EleCITon donating or withdrawing molecules, such as N ~b and N0:2, are able to 

exchange electrons with the CNTs and hence alter the electronic properties of CNTs, 

such as conductivity. As a resu lt, the presence of gaseous compounds, such as NH) and 

N02 can be detected by measuring the fluctuations ofeNTs conductance property.)' 

Gas storage media 

20 
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Hydrogen is an ideal source of energy because of its relative lack of harm to the 

environment and the capability for regeneration. The astonishing hydrogen storage 

capability of SWNT-conlaining materialslli • as well as of graphite nanofibers or GNFs37, 

has been reponed. Because of their specific hollow geometry and the large "length to 

diameter" ratio, SWNTs are excellent candidates for storing gases such as hydrogen. 

One plausible mechanism for this phenomenon is the ability of SWNTs to 

accumulate the gases in their inner channels and their surfaces. However, there are still 

some obstacles to technological applications due to the ambiguity in their storage 

mechanism as well as the effect of other materials on hydrogen storag e. J! 

Medicine: 

The ability to utilize the CNTs for destroying cancer cells has been reponed.19 The 

temperature of CNTs can rise to 70°C in only 120 seconds when exposed to infrared 

light. By insening CNTs inside the cancer cells, the cancer cells can be destroyed by 

infrared light. This capability is considered an advantage of utiliz ing this method rather 

than chemotherapy since infrared light has no effect on the other cells, 

Pholovollaic applications: 

The combination of organic semiconductors with CNTs has revealed promising 

results to replace the current expensive si licon based solar cell s.4oCNTsaredispersed in 

electron donating conjugated polymers in order to enhance the efficiency of organic 

photovoltaicdevices.41 
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1.3.6 Dispersion methods for CNTs 

Two major methods have been developed to disperse bundles of carbon nanotubes 

into smaller fractions in tenns of size and diameter and introduce them to organic 

solvents; "covalent functionalization" and "non-covalent functionalization". However, 

other methodologies, such as "ultrasonication,.42, "ultracentrifugation", "magnetic 

purification", "microfiltration", and in some cases a combination of these methods have 

beenalsoexploited.4J 

1,3.7 Covalent funetionalization 

The "covalent functionalization" method has been exploited during recent years in 

order to purify the SWNTs from impurities, such as remaining catalysts which are 

essential to the synthesis of CNTs, and to overcome the aggregation forces of SWNTs 

with the implementation of solubility. Since there are defects in the sidewalls and end 

caps of CNTs, covalent functionalization of CNTs on either sidewalls or end caps is 

possible. 

Figure I-IS. Photograph ofthree separate SWNT samples in THF. CA) Pristine SWNTs; 

(B) alkyne-functionalized SWNTs; (C) polymer-functionalized SWNTs.47 
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Chen and collaborators reported the solubility ofSWNTs by functionalizing through 

oxidation of SWNTs with aliphatic amines to give amides.u In another study, SWNTs 

were reacted with potassium hydroxide; Pan el af. reported that covering the surfaces of 

SWNTs with hydroxyl groups enhanced their solubi lity in water (up to 3 mg/mL)." 

Campidelli et af.46 reported the covalent functionalization of SWNTs with 

polyamidoamine dendrimers. The covalent functionalization of SWNTs, utilizing the 

"click reaction", was reported by Li el af.· r In this study, the alkyne-functionalized 

SWNT undergoes the click reaction with the azide·terminated polystyrene (compound 1-

22) to give a polymer.funclionalized SWNT (Scheme 1·4), which is soluble in organic 

solvents (Figure I·IS). 

Scheme 1· 4. (i) Isoamyl nitrite, 60°C; (ii) EBiB, CuBrIBPy, DMF, 110°C; (iii) NaN], 

DMF, room temperature; (iv) Cu(I), DMF.47 

1.3.8 Non-covalenl funcli onalizufion 

A promising method 10 disperse SWNT bundles, in lerms of retaining 

electrochemical and physical properties, is the "non-cova[ent functionalization". Since 
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the s/ hybridized carbons on CNTs are disrupted in the covalent functionalization 

method, the structure and properties of CNTs change. In the non-covalent 

functionalization approach, on the contrary, the structure and the properties of CNTs 

remain intact, since only non-destructive binding forces (e.g. INt interactions, van der 

Waals forces and electrostatic interactions) are ut ilized. 

Chen el al. have separated semiconducting SWNTs from metallic ones via non-

covalent interactions with "porphyrins".41 The Raman and UV-Vis-NIR spectral data 

con finned the separation of these two different kinds ofSWNTs. Hasobe el ai, reported 

the self-assembly ofSWNTs in the presence ofprotonated porphyrin.49 

n~'~' 6 no· <C".<H,-C),," 

F\u ...... P£G 

1-24 

Figure 1-16. Schematic showing ofSWNT and fluor-PEG.5O 

The non-covalent functionalization ofSWNTs by "fluorescein-polyethylene glycol" 

(compound 1-24) was reported by Nakayama-Ratchford el al. 5O In this work, the 

fluorescence property of SWNTlFluor-PEG was monitored at various pHs. The result 

showed that by increasing pH, the absorbance peaks of SWNTlFluor-PEG exhibited a 

blue-shifl and approached the absorbance peaks of fluorescein. This indicates that the 
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binding is pH-dependent. At pH 12, precipilation of SWNTlfluor-PEG was observed. 

Since the SWNT/fluor-PEG complex is stable at pH around 7, soluble in aqueous 

solutions, and fluorescent, it can be used in physiological systems, which work in buffer 

media to detect the cells that are bonded to this complex. Furthermore, this complex has 

the aptitude to undergo further reactions, as the terminal group is a carboxylic acid 

(Figure 1-16). 
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Figure 1-17. Synthesis ofpyrene-exTIF and suprnmolecular SWNT/pyrene-exITF 

nanohybrids. ll 

The electron donor ability of ''tetrathiafulvalene'' (ITF) is well known. Based on this 

property, Herranz and co-workers ll reported the 1Ht intel'llctions between SWNTs and 7[-

extended ITFs such as "pyrene-ex-TIF" (Figure 1-17). The pyrene unit is essential to the 

surface immobilization ofSWNTs through 11:-11: interactions. The electronic properties of 
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the complex have been investigated because of the electron donor ability of e.,·TIF 

(compound 1.25) and electron accepting properties ofSWNTs. 

1.3.9 Techniques to evalu ate the dis persion or CNTs 

Raman spectroscopy: 

This tethnique is a powerful tool for characterizing the CNTs before and after 

interaction with compounds such as polymers, for which the "radial breathing mode" 

(RBM) and the tangential mode (0) are the two main features. Vibrations of CNTs in the 

radial direct ion from the nanotube axis are responsible for the creation of RBM bands, so 

that the frequencies of the peaks are reciprocally proportional to diameters of CNTs. The 

RBM peaks occur in the frequency range of 100·300 cm·!. The G band, in the freq uency 

range of 1500·1600 cm·\ originates from the stretching of the bands among the carbon 

atoms in the nanotubes(Figure 1·18). 
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Figure 1-18: Various bands of carbon nanotubes in raman spectrum.).! 

The 0 band represents the types of SWNTs: metallic or semiconducting. The 

semiconducting SWNTs show only one peak in this region, whereas the metallic SWNTs 
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exhibit an extra shoulder peak in the lower frequencies. It has been experimentally 

revealed that with increasing the diameter of the SWNTs. th is side peak shills to higher 

frequencies and its height and width decrease as well. Moreover, the frequency of the G 

band is inversely proportional to the diameter ofSWNTs. 

Another band in the Raman spectrum ofSWNTs is the 0 band, which appears in the 

frequency range of 1250·1 400cm·1. Since the D band is re lated to the defects in SWNTs, 

which leads to breaking in the symmetry of Spl hybridized carbons in nanotubes, it can be 

applied to monitor the covalent interactions of CNTs with various compounds. For 

instance, if the D band remains without any changes during the interaction wi th a 

particular compound, it can be concluded that the nature of the inteTllction was non· 

covalent, and the functionalization is non.destructive.}4 
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Figure 1-19: UV-V1S-N IR absorpt ion spectra of cis and trans polymerlSWNTs 

mixture.53 
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Li et al!' exploited this technique to suppon the covalent functionalization and the 

non-covalent functionalization on the surface of the SWNTs. As the aniline derivative 

compound reacts with the SWNTs covalently, the D band's intensity increases. However, 

when SWNTs interact with azide·functionalized polystyrene, the D band does not 

change,indicatingnon-covalcntinteraction. 

UY·Yis·NJR absorption spectroscopy: 

CNTs have unique electronic absorptions in the range of 500·1600 nm; hence, this 

characteristic can be applied to prove the presence ofCNTs in nanohybrids, such as 

"SWNT/pyren-e:dTF',.sl The first transition (EI) from the valence band to the 

conductance band can occur in both metallic and semiconducting SWNTs, which is 

called "SII" and ;'M II " for semiconducting and metallic SWNTs respectively. 

However, only semiconducting SWNTs have the second transition from the valence 

shell to the conductance shell. Hence, th is feature can be applied to dist inguish between 

metallic and semiconducting SWNTs so that SII and Sn are the two characteristic peaks 

for the semiconducting CNTs, and the Mil peak corresponds to the presence of metallic 

ones. The approximate absorption region for the SII and Mil is 500·1000 nm, while the 

5 22 peaks appear between 1000-1600 nm.S2 Yi et al. ll used this technique to determine 

the presence of S WNTs in a solution of polymer/CNTs (Figure 1· 19). 

Thermogravimetric analysis (TGA): 

The TGA technique is has also utilized to confirm the presence of CNTs in the 

complexes such as SWNTsipolymer. Since organic compounds, such as polymers, 
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decompose at lower temperatures than CNTs, TGA can be used to determine the ratio of 

functionalization per number of carbon atoms on the SWNT sidewal l.· 7 

Atomic Force Microscopy (AFM): 

One of the techniques used to determine the average diameter of the dispersed CNTs 

is AFM. For example, AFM was employed to verify the dispersion of SWNTs in the 

"SWNT/pyren-exTIF" nanohybrid.51 

1.3.10 Dispers ion of CNTs using poly mers ( non--covalent method) 

Polymers have been exploited to disperse the bundles of CNTs and also make them 

soluble in organic solvents. Polymers with highly electron-rich groups on the side chain, 

can interact with CNTs through non-covalent forces such as It-It interactions. The nature: 

of the pendant groups on the backbone of the polymer is imponant to determination of 

the selectivity of the polymer toward particular SWNTs in terms of diameter, chirality 

and length. 

Fig ure 1·20: Molecular structures of some the conjugated polymers to disperse CNTs.56 
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Nicholas el ai. employed a series of Ouorene-based polymers 10 disperse bundles of 

CNTs and enriched HiPCO and CoMoCAT nanotubes in terms of specific nanotubes.S4 

Chen and co-workers explored another series of fluorene-based polymers to se lectively 

disperse CNTs and extract particular types ofSWNTs in terms of chirality." 

Figure 1-21: Molecular structure of cis-PmPV and trans-PmPV. S1 

Rice el ai. reported the dispersion of as-prepared SWNTs employing linear 

conjugated polymers such as poly(p-arylene ethynylene)s (Figure 1-20).~ Based on the 

anal)tical results, they concluded that polymers 1-30 and 1-31 (Figure 1-20) interact with 

SWNTs to extract the different types ofCNTs in tenns of diameter. In addition, changing 

solvents from non-polar to polar solvents exhibited different responses for the mixture of 
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polymer/SWNTs. In some cases (e.g. polymer 1-30), polar solvents disrupt interactions 

between the polymer and SWNTs and cause the precipitation of CNTs in the 

(polymer/CNTs) solution. 

Aromatic/aliphatic polyimides have been studied by Delozier et 01. to debundle the 

agglomerates of SWNTs.57 In another study, two isomers of lI-(:onjugated cis and trans 

poly[(m-phenylenevinylene)-alt-(p-phenylenevinylene)] (PmPV) have been investigated 

in the dispersion of SWNTs. Vi et al.$l found that the cis-PmPV is twice as effective as 

trans-PmPV in dispersion of SWNTs, and they reasoned that cis-PmPV provided a 

suitable cavity beeause of its specific conformation which allowed it to wrap around the 

SWNTs (Figure 1-21). The Raman spectroscopic result reveals that Irans-PmPV is more 

selective for metallic SWNTs. Moreover, the trans-PmPV isomerizes to its cis conformer 

under sonication. 

1.4. Outline of this thesis 

In addition to this introductory chapter, this Master's thesis also contains two 

chapters focusing on the synthesis of poly(p-phenylene ethynylene)s as fluorescence 

chemosensors and CNTs dispersants. Chapter 2 introduces the synthesis of PPEs to detect 

metal ions through the fluorescence turn-on mechanism. The synthesized polymer 

chemosensor is able to detect various metal ions and particularly selective for ZnH and 

Cu2+ ions in organic solvent. A synthesized water-soluble polymer selectively detects 

Cd2+ ions in the water. "Click chemistry" was successfully used to attach the receptor 

groups to the backbone of the polymer and the Sonogashira coupling reaction was 
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applied for polymerization, The photophysical properties of these polymers in response to 

va rious metal ions were studied by UV-Vis and fluorescence spectroscopy. 'H NMR 

titration and UV-Vis titration data were applied to detennine the binding properties. 

Chapter 3 investigates the functionalization of CNTs through a non-covalent 

approach using PPEs in ordcr to improve solubi lity and processability. "Click chemistry" 

was applied to functionalize the polymer's backbone and polymerization was done using 

the Sonogashira cross coupling react ion. Both pre- and post-functionalization approaches 

were explored to functionalize the polymer. Low solubility of monomers was the main 

difficulty in the pre-functionalization method, while the aggregation of polymers was the 

obstacle in the post-functionalization approach. 

Finally. Chapter 4 summarizes th is thesis work and presents pers~tives for 

future work. 
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Chapter 2 

Poly(p-phenylene ethynylene)s (PPEs) as 

Chemosensors 

2.1 Introduction 

Conjugated polymers incorporating molecular recognition moieties exhibit 

significant advantages over small molecules in the field of chemosensory devices. For 

example, the conjugation between the repeating 1[ units affords bener electronic 

communication between receptors along the polymer backbone. This phenomenon is also 

known as the "signal amplification" concept, which facilitates the measurement of 

analytes at much lower concentrations compared to small-molecule chemosensors. In 

addi tion, the facile modification of the backbone of a conjugated polymer enables the 

design of selective polymer sensors towards specific target analytes. ls The fluorescence 

quenching approach (i.e. ''tum-off' mechanism) has been the focus of interest in current 

chemosensor literature. High ly fluore scent CPs interact with various analytes, depending 

on the structure of the polymer and as a result, the fluorescence of the polymer is 

quenched. 

The behavior of quenching can be described by the "Stem-Volmer" equation, in 

which the fluorescence intensity I is related to the quencher's concentrat ion [QJ. 
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In this equation, I and 10 represent the fluorescence intensity after and before addition 

of the quencher respectively; K", is the effective association constant for the complex 

fonned between the quencher and the fluorophore. The Stem-Volmer equation applies 

when the presence of quenchers has no effect on the emission of free fluorophores 

(unbound fluorophores). This equation can be approximately applied to many CPs at 

lower quencher concentrations, although the presence of excess quenchers often causes 

deviations from ideal Stem-Volmer behavior.67 

In contrast to the class of ''tum-off'' sensors, only a few examples of CP sensors 

based on the '1um-on" mechanism exist in the literature.14-27 In the '1um-on" mechanism, 

the fluorescence of polymer is restored upon interaction of analytes with receptor groups 

on the polymer backbone. In general, tum-on sensors have some advantages over tum-off 

sensors, such as the ease of detecting low concentrations contrast to a dark background, 

reduced false-positiv e signals, and enhanced sensitivity. Fluorophore-<ionor ensembles 

are the common design motif for fluorescence tum-on sensors. In such a system, the 

donor group, an amino group fo r example, binds with analytes such as metal ions to 

result in fluorescence turn-on based on photoinduced electron transfer (PET) or internal 

charge-transfer (ICT) mechanisms.11 •22 

CPs have been used to detect metal ions employing the tum-on mechanism. 

However, high background emission of CPs and the inherent fluorescence quenching 

effect of some metal ions are obstacles to achieving highly efficient tum-on sensing for 
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metal ions. In fact, the fluorescence enhancement of the CP sensors for metal ions 

reported in the literature so far ranges merely from I to J fold,l'.5' attesting to the 

difliculty of achieving high performance fluorescence turn-on sensors. Hence, new 

design concepts have emerged to address the difficulty in fluorescence tum-on sensors. 

As previously stated in Chapter I, Jones Jr. and co-workers synthesized a tmeda­

PPETE sensor26 which was first preloaded with Cu2+ ion to acquire a substantially 

quenched fluorescence background. This inorganic/organic hybrid system then was 

titrated with Fe2+. Upon progressive addition of Fel +, the displacement of Fel + with Cult 

restored the fluorescence of the system up to ISO-fold. Although Jones group achieved 

considerable enhancement in the fluorescence of hybrid system upon titration with Fel+ 

ions, the obstacles in solely CP-based tum-on sensors for metal ions still remains. 

2.2 Objeclivesofthe projed 

As discussed in the introduction, achieving a suflicicntly "dark" fluorescence 

background is a key prerequisite to devise an e ffi cient tum-on sensi ng system. To address 

this challenge, we have investigated the approach of incorporating amino groups as metal 

ion receptors into the side chains of poly(p-phenylene cthynclene)s (PPEs). To our 

knowledge, this is the first example of using "click" chemistry to attach amino receptor 

groups to the backbone ofPPEs. In our target sensor (PPE. I), the 1,2,3-triazole linker 

group resulting from the popular "click" reaction, Cu-catalyzed alkyne azide 

cycloaddition (CuAAC), has Deen employed to attach the receptor (amino groups) as 

metal ion receptors into the side chains of PPE-. (Figure 2- 1). Furthermore, the triazole 
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group not on ly acts as a structural element (l inkage), but also plays a unique functional 

role in quenching the fluorescence to PPEs. 

Figure 2·1: Molecular structure of sensor PPE- I . 

For compari son purposes, two analogous polymers, PPE-2 and PPE-J, have been 

synthesized to examine the role of receptors as well as triazole linker groups in the side 

chain of the polymer (Figure 2-2). In PPE-2, amino groups (receptors) have been 

removed from the polymer's side chain, but the phenyl group is still attached th rough the 

triazole linkage. Triazo le groups have been removed in PPE-3 and amino receptor groups 

have been incorporated to the side chain of the polymer via carboxylic ester linkages. 
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Figure 2-2: Molecular structures ofPPE-2 (A) and PPE-3 (B). 

Figure 2-3: Molecular structure of PPE-4. 
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In practical applications, the detection of metal ions directly in aqueous solutions is 

highly desired. To achieve this goal, a water soluble polymer (PPE-4) has also been 

synthesized and tested (Figure 2·3). 

2.3 Results and discussions 

2.3.1 Synthesis ofPPE- 1 and related precursors 

Sonogashira cross coupling reaction was used for the fonnalion of PPE backbones. 

To do so, two monomer building blocks, compound 2-2 and compound 2-11 , 

synthesized at first (Figure 2-4). 

A~" lV ' 
C,oH.,O 

Figure 2-4: Molecular structure of monomers for PPE· I. 

Compound 2·2 was obtained by alkylation of 1,4-hydroquinone followed by 

iodination catalyzed by Hg(OAc)2 in dichloromethane (Scheme 2-1). In the first step, 

commercially available 1,4·hydroquinone underwent the alkylation reaction using 1-

bromodecane in a basic ethanol solution to afford compou nd 2-1. Then, the iodination of 
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compound 2-1 in the presence oriod ine chips and Hg(OAc)2 afforded compound 2-2 in a 

moderate yield of 52%. 

0' 0 C,oH., Br. KOH. EIOH 

Y rellux. 60h 
0' .,.. 

Scheme 2-1: Synthesis of monomer 2-2. 

Compound 2-11 was planned to be synthesized by using Cu-catalyzed alkyne azide 

cycloaddition (cl ick reaction). To do so, two precursors, compounds 2-6 and 2-9 were 

first prepared. 

The synthesis of compound 2-6 is shown in Scheme 2-2. First, 1,4-bis(2-

hydroxyethyloxy)benzene was subjected to an Appel reaction in the presence ofC13r4 and 

PPh] in acetonitrile at room temperature to afford compound 2-3. Then, iodination of 

compound 2-3 with hlHg(OAch was conducted in methylene chloride furnished 

compound 2-4. Compound 2-4 was subjected to Sonogashira cross coupling reattion with 

trimethylsilylacetylene (TMSA) to afford compound 2-5. Finally, the bromide groups of 

2-5 were converted to azido groups in the presence of sodium azide to furnish compound 

2-6 in good yield. 
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Scheme 2-2: Synthesis of compound 2-6. 

A click reaction between compound 2-6 and compound 2-9 was performed in the 

presence of diisopropylethylamine (D1PEA) and Cui in DMF to obtain compound 2·10 

(Scheme 2-3). Compound 2-10 showed a low stability at room temperature and 

decomposed after 3 days of storage. Dialkyne 2- 11 was synthesized by desilylation of 

compound 2-10 in the presence of potassium carbonate and THFlMeOH at room 

temperature. The solubility of 2-10 was dramatically decreased after removal of TMS 

groups. It was partially soluble in methylene chloride, chloroform, and THF and was 

completely soluble in OMF and OMSO. 

In order to synthesize compound 2·9, N.N'-dimethylaniline was iodinated using 

iodine chips in pyridineJdioxane mixture at room temperature to furnish compound 2-7. 

Compound 2-7 also showed a low stability at room temperature and decomposed after 24 

hours and turned to a purple mixture. For this reason, it was used immediately after 

synthesis. Compound 2-8 could be obtained by subjecting compound 2·7 to Sonogashira 
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reaction with TMSA in the presence of Pd/Cu catalysts and piperidine as tile base. 

Compound 2·8 underwent desilylation using potassium carbonate in MeOH to afford 

compound 2-9 (Scheme 2-3). 

~~~ 2) ::,.",oo,?; 
&0% 1[1 92% I 

24 TMS 

Sche me 2·3: Synthesis of compound 2-9 and monomer 2-11 . 

Compound 2·1 2 was also synthesized to use in the polymerization as an endcapping 

reagent. [t was achieved by subjecting compound 2-2 to Sonogashira reaction with 0.7 

molar equivalents of TMSA in the presence of Et)N and PdlCu catalysts to afford 

compound 2-12 as the major product (Scheme 2·4). A byproduct of this reaction resulted 

from dia lkynylation and it was readi ly separated from 2-12 via column chromatography. 

Scheme 2-4: Synthesis of compound 2· 12 . 
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With two monomers (compound 2-2 and 2-11) in hand; polymerization was carried 

out using a Sonogashira cross coupling reaction (Scheme 2-5). Pd (11) and Cu (I) were 

used as the cata lyst and co-catalyst, while piperidine was used as base. In order to 

enhance the solubility of resulting polymer products, an endcapping reagent (compound 

2-12) was added in 10% molar equivalent in the polymerization process. The obtained 

polymer PPE-I showed quite good solubility in common organic solvents such as THF, 

chlorofonn, and methylene chloride. 

~ N-Nl DC, ..... , 

";:c( "q ' C'1' oc • ...,. 

~ 

TMS~'""': ... _ 
C,oIio,O ,." 

, ' -

Scheme 2-S: Synthesis ofPPE-I. 

2.3.2 Synthesis orpPE-2 and its corresponding monomers 

Compound 2· 1S was synthesized as one of the monomers to produce a model 

polymer (PPE-2). First, compound 2-6 was coupled with phenylacetylene under click 

reaction conditions to fonn compound 2·14 (Scheme 2-6), Compound 2-15 was 
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synthesized by desilylation of compound 2-14 by K1C~ in THFlMeOH. The solubi lity 

of compound 2-15 decreased significantly compared to its silylated precursor. 

Scheme 2-6: Synthesis of compound 2-J5. 

PPE-2 was synthesized through Sonogashira cross-coupling reaction Dctween 

compounds 2-2 and 2-15 in the presence of end capping reagent (compound 2-12). Pd ( II ) 

and Cu (I) were used as catalysts and piperidine as base in THF solvent and the mixture 

was stirred at 60 °C for 24 hours (Scheme 2-7). PPE-2 is soluble in common organic 

solvents. 

Scheme 2-7: Synthesis of PPE-2 . 
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2.3.3 Sy nthesis ofPPE·J a nd its corresponding monomers 

Monomer 2·17 was obtained from desilylation of compound 2-16 in MeOHrrHF by 

K2COJ (Scheme 2·8) Compound 2· 16 was synthesized through Sonogashi ra reaction of 

compound 2·2 with TMSA in THF and EtJN in the presence ofPdlCu catalysts. 

OC,oH;" 

1-9-1 
C,cH~,O 

t'I"' t}1 ~PPII,I,CI"CI.oI C1Cf~'O "" ~~,n.F C,oH"O "" 
--~ I -- I 
~~ "" OC,oH2! 'k~h "'" OC,,;!17! 

.. II I 

'"' 
Scheme 2·8: Synthesis of monomer 2·1 7. 

Monomer 2·22 was synthesized by an esterification reac tion of 4-(N,N'. 

d imethylam ino)benzoic acid (compound 2.21 ) w ith 1,4.hydroquinone (compound 2.20) 

in the presence of SOCb and pyridine (Scheme 2.9). To obtain compound 2·20, 

compound 2· 18 first underwent an iodination reaction using iodine chips and mercur ic 

acetate in dichloromethane to afford compound 2· 19. The methoxy groups of compound 

2·19 were converted to hydroxyl groups using BBrJ in methylene chloride to achieve 

compound 2·20 (Scheme 2·9). 
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~ 
.75·C- O·C - ~I 
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'" 

Scheme 2-9: Synthesis of compound 2-20 and monomer 2-22. 

The synthesis of PPE-3 was achieved using monomer 2-17 and 2-22 through 

Sonogashira reaction. Compound 2-12 was also used as an endcapping reagent in the 

presence of PdlCu catalysts and DIPEA in THF. The mixture was stirred for 24 hours at 

room temperature to afford PPE-3 (Scheme 2-1 0). PPE-3 shows quite good solubility in 

common organic solvents. 

~. 
~ 

C,oH;,O 

Scheme 2-10: Synthesis of PPE-3. 
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2.3.4 Synthesis ofPPE·4 and its corresponding monomers 

Monomer 2·24 was synthesized through the reaction of compound 2·20 with 

propanesultone (compound 2.23) in a basic solution of sodium hydroxide in dioxane 

(Scheme 2·1 I). 

Scheme 2· 11: Synthesis of compound 2·24. 

PPE·4 was synthesized according to the published synthetic procedure for water· 

soluble polymers'9 by the polymerization of monomers 2·24 and 2-11 in a mixture 

solvent system ofDMFn120/DIPEA, and PdlCu were used as catalysts (Scheme 2. 12). 

PPE-4 is moderately soluble in water and DMSO. 

Scheme 2-12: Synthesis ofPPE-4. 
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2.3.5 Character ization or the polymers 

As previously discussed, achieving a "dark" nuorescence background is an essential 

factor for nuorescence "turn-on" sensors. To address this issue, the emission spectrum of 

the target polymer sensor (PPE- I) was obtained and compared to the emission spectra of 

the two model polymers (pPE-2 and PPE-3). The fluorescence ofPPE-l is substantially 

quenched compared with PPE-2 and PPE-3 (Figure 2-5). The difference in the 

nuorescence properties of the three polymers is also clearly distinguishable visually when 

they are placed under a UV lamp (254 nm) (Figure 2-5). 

Without receptor groups (in the case of PPE-2), the polymer is highly emissive. By 

adding amino receptor groups through linkel1i other than triazole such as esteric groups 

(pPE.3), the polymer still exhibits high fluorescence background. However, when 

attaching amino receptors via triazole groups as linkers (PPE-I), the fluorescence of the 

polymer is dramatically quenched. 

Emission quantum yield measurements provide further confirmation for fluorescence 

differences in three polymers (Table 2-1). While the emission quantum yield for PPE·2 

and PPE-3 are 74% and 29% respectively, the emission quantum yield for PPE-! is only 

3.8%. 

Table 2-1: Emission quantum yield for three polymers 

polymer PPE-l PPE·2 PPE-3 

3.8% 74% 29% 
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(e) 

Figure 2·5: (A) Molecular structures ofPPE· I, PPE·2 and PPE·3. (8) Emission spectra 

of three polymers in THF (for lucidity, emission spectrum of PPE·( was scaled up by IS 

times). (C) Photographic images of three polymers in THF under irradiation of a UV 

lamp. 

The emission spectra! profile of PPE·( is also different from other two model 

polymers (Figure 2-S B). The broad, Slructureless, and relatively blue· sh ifted 
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fluorescence band of PPE·I is characteristic of a charge-transfer (CT) excited-state 

emission.60 A quenching mechanism is hence proposed based on such spectral features as 

depicted in Figure 2-6. 

Figure 2-6: Proposed mechanism for fluorescence quenching ofPPE-I. 

Upon irradiation, the PPE unit first captures a pholOn to reach the first excited state 

(S I). Rapid energy transfer (ENT) sensit izes the donor (amino) group, triggering an ICT 

process from the donor (amino) to the acceptor (triazole) group. As such, the 

fluorescence is quenched by a relay of energy transfer, sensit izat ion, and charge transfer. 

It should be noted that the combination of aminophenyl-triazole is essential to 

fluorescence quenching, since high emissivity still retains for the mooel polymers where 

only triazole (PPE-2) or amino (P PE-3) groups are present on the side chains. 
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Figure 2·7: Absorption (left) and emission (right) of PPE-1 obtained simultaneously as a 

function of increasing aliquois of (Zn(OTf)2] in THF at 298 :I: 2 K at concentrations of 

0.0,3.33" 10-6, 1.0 " 10-',3.0)( to"s, 1.70)( 10-4,8.33)( 10"\ 1.10)( 10-" 1.50)( IO-'and 

3.45)( 10·) M. 4~ '" 380 nm. The arrows indicate the dire<:lion of response after addition 

ofanalyte. Inset shows the Stem-Volmer plot calculated from emission intensity at 462 

The UV-Vis and flu orescence titration of nearly non-emissive PPE-I were 

conducted towards various metal ions ranging from Zn'+, Cd'+, Cu2+ to Ba1+, Na+ and 

U+. PPE-! was dissolved in T HF and its spectral responses were monitored by both UV. 

Vis absorption and fluorescence spectroscopy upon add ition of metal ions. In addition to 

metal ions, PPE-I was also subjected to the titration of a strong Bmnsted acid, 

tirfluoroacetic acid (TFA), Upon addit ion of metal ions as well as TFA, the fluorescence 

of PPE-l was initiated, The biggest fluorescence enhancement after metal ion addit ion 

resulted from Zn2+ and Cd2+, 
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The UV-Vis and fluorescence titration spectra of PPE-I with 2n1• are depicted in 

Figure 2-7. At the saturation point of titration with 2n2", the fluorescence ofPPE-l gains 

a 51-fold enhancement at Am. = 462 nm, which is the greatest among other tested species. 

The calculated detection limit for Zn2+ ion is 1.37 ~ 10~ M, meaning that PPE·l is able 

to sensitively detect 2nH ions in THF at the ppm level. 

"~ 

I"~ 
- - -

-lfJ'O ! I \ ' -- ~ 
\ - - -

Figure 2-8: Absorption (left) and emission (right) of PPE·l obtained simultaneously as a 

function of increasing aliquots ofCd(CIO.)l in THF at 298 ± 2 K at concentrations of 0.0, 

3.33 ~ 10-6, 1.0 ~ 10"5, 3.0 ~ 10"\ 9.0)( 10"\4.33 ~ lO"s, 6.33 )( lO's M . .l. .. = 380 nm. 

The arrows indicate the direction of response after addition of analyte. Inset shows the 

Stem-Volmer plot calculated from the emission intensity at 475 nm. 

PPE-I also exhibits a very high sensitivity towards Cd1' ions. The UV-Vis and 

fluorescence titration spectra of PPE·l with Cd2• are depicted in Figure 2·8. At the 

saturation point of titration with CdH , the fluorescence of PPE·I gains a 34-fold 

enhancement at A.m - 475 nm, which is the second greatest enhancement among other 
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tested species. The calculated detection limit for Cdz, ion is 1.08 x 10.(, M, meaning that 

PPE· I is a lso able to detect CdH ions in TH F at the ppm level. 

The UY·Yis and fluorescence titration of PPE·1 with other metal ions and TFA were 

a lso carried out (see Appendix 2-1). Figure 2-9 outlines the decreasing trend of sensitivity 

of PPE- I for various metal ions. This trend clearly confirms that PPE-I acts as a highly 

sensitive and selective chemosensor for Zn1' and Cd)' ions in THF. 

(8' 
50 

~: 30 

10 

ZIl" Cd" u' 11' 11;1 " ("," Na-

Figure 2-9: Trend of fluorescence enhancement (F/Fo) for ditTerent cations at maximum 

emission wavelength (F,: fluorescence intensity at the saturation point of titration; Fo: 

initial fluorescence intensity). 

The fluorescence enhancement of PVE-I upon addition of various metal ions as well 

as TFA can be visually monitored under irradiation ofa UV lamp (Figure 2-10). 
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Figure 2-10: Photographic images ofTHF solutions of PPE-I without and with various 

metal cations under irradiation a UV lamp. 

Since amino receptor groups have been incorporated in the side chain of PPE-3, the 

spectroscopic study of this polymer has been conducted to confirm the importance of a 

"dark" fluorescence background in tum-on system. A THF solution of PPE-3 was titrated 

with Cd2+ ions and UV-Vis and fl uorescence changes were recorded (Figure 2-11). As 

was expected, the fl uorescence enhancement upon addit ion of metal ions was negligible. 

Because of the presence of amino receptor groups on the backbone of the polymer, 

interactions presumably happen between receptor groups and metal ions; however, since 

the polymer already exh ibits high fluorescence background, the difference in the 

fluorescence after and before adding of metal ions is insignificant. 
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Figure 2·11 : Em ission (left) and absorption (right) spectra of PPE·3 obtained as a 

function of increasing aliquots ofCd(CI04h in THF at 298 ± 2 K . .1. .. .. 400 nm. 

One of the main sourtes of pollution in the environment is trace metals, especially 

heavy metals. The main use of heavy metals is in industry and they are consequently 

discharged into the environment to cause severe pollution of water resources. Cadmium, 

for instance, is a toxic metal and the main contamination sources are mining, plastics 

manufacturing, and other sourtes. The maximum permissible level of cadm ium in 

drinking water is 5 IlL· I ; hence, cadmium ions should be controlled analytically in water 

resources. 61 

PPE·I is able to efficiently detect cadmium ions in organic solvents such as THF. In 

order to achieve the detection of cadmium ion in aqueous media, PPE·I was anempted to 

be introduced into the water. It was found that PPE· I can be partially solubilized in 

water!OMSO (Ill, v/v) with the aid of surfactants such as sodium dodecylsu lfonatc 

(SDS). The resulting aqueous solution ofPPE·I /SDS showed selective fluorescence turn· 

on sensing behavior for CdH ion. The fluorescence titration of PPE·I1SDS mixture with 
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Cd2+ ion is depicted in Figure 2-12. The sensitivity of PPE-I/SDS was relatively low « 

3-fold enhancement). The low sensitivity of PPE-I in water towards Cd2+ ion is 

attributed to the poor solubility of PPE- I in water and also significant aggregation of 

PPE-I in water. 

Figure 2-1 2: Emission spectrum of PPE-I obtained as a function of increasing aliquots 

of Cd(CI04)2 in deionized H20 /DMSO (1: 1 v/v) with 0.5 mglmL of SDS added as 

surfactant at 298 ± 2 K . .l.. .. = 425 nm . The arrows indicate the direction of response after 

addition of analyte. Inset showing Stem-Volmer plot calcu lated from the em ission 

inlensity at 505 nm. 

Since PI'E-I shows low solubili ty in waler, a new "water-soluble" polymer was 

synthesized (PPE-4). The same receptor groups were incorporated on the side chain of 

the polymer to detect metal ions (Figure 2-13). PPE-4 was dissolved in water and the 

solut ion was titrated with various metal ions as well as TFA and the spectral responses of 
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PPE4 were monitored by beth UV·Vis absorption and fluorescence sptttroscopy. The 

fluorescence sp~tra ofPPE-4 upon titration with Cd2+ are depicted in (Figure 2.1 3). 

(A) 

I,,~I l.. I 

I 

.. "" ... .. .. ". 

(9) (C) 

Figure 2-13: (A) Mol~ular structure of PPE-4. (B) Emission and (C) absorption sptttra 

o f PPE4 obtained simul!aneously as a function of increasing aliquots or Cd(C10.h at 

concentrations ofO, 2.0, 2.4, 2.8, 3.2, 3.6, 4.0, 4.8, 6.0, 8.0,12,20, and 28 mM, titrated in 

deionized H20 at 298 ± 2 K.l,~ "" 400 nm. The arrows indicate the direction of response 

after addition of analyte. Inset shows the Stern· Volmer plot calculated from the emission 

intensity at 490 nm. 

56 



Chapter 2 

In the early stage of ti tration, a broad emission band centered at 620 nm grows 

notably. As the titration continues, a substantial increase at 492 nm becomes the 

dominant spectral featu re. The two different stages of spectral changes suggest multiple 

binding modes are at work in the interaction ofCd2+ ion with PPE-4. The UV-Vis and 

fluorescence titration of PPE-4 were carried out with other metal ions in water 

(Appendix 2-1). PPE-4 exhibits the highest sensitivity towards Cd2+ ions among metal 

ions with a 14-fold fluorescence enhancement. The detection limit for measuring Cd2~ 

ion in water is 3.43 x 10·) M; hence, PPE-4 is able to detect Cd2+ ions al the mM level in 

.. ~ ... .... ': . 

' .'./~::. : .: ..... • ,- . .. , , 
-~. , .. --

Figure 2-14: The emission (left) and absorption (right) spectra of PPE-4 obtained 

simu ltaneously as a function of increasing aliquots of TFA at concentrations of 0.0, 0.12, 

0.16,0.18,0.24,0.32,0.40,0.44,0.48,0.52,0.56,0.64,0.80, 1.04, 1.52, and 2.0 mM, 

titrated in deionized H~O at 298 ± 2 K . ..to = 400 nm. Thc arrows indicate the direction of 

response after addit ion ofanalyte. Inset shows the Stem-Volmer plot calculated from the 

emission intensity at 492 nm. 
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PPE-4 was also titrated with TFA in water. Upon titration of PPE-4 with TFA in 

water, much stronger fluorescence enhancement (29-fold) was achieved. The detection 

limit calcu lation (ca. 3.0 x 10.4 M) also shows higher sensitiv ity in comparison with Cd2+ 

sensing. The UV-Vis and fluorescence titration of PPE-4 with TFA is depicted in Figure 

2-14. Unlike the two-stage scenario in Cd2+ titration, the titration of PPE-4 with TFA 

showed only monotonic emission increase at 492 nm. 

(A) (8) 

"D '" 
" 

~: 20 

o 
H' Cd" Cu" Zn" e .~ N. l l' 

Cd2+ TF A PPE-4 

Figure 2-J~: (A) Trend of fluorescence enhancement (F,lFo) for different calions and 

TFA al the maximum emission wavelength. (8) Photographic images of aqueous 

solutions of PPE-4 without and with Cd2+ and H' ions. 

The prominent spectral responses to TFA in water indicate that PPE-4 is more prone 

toprot ic acids than metal ions under aqueous conditions. The differenl liltation behaviors 
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for Cd2+ ions and TFA suggest that Cd2+ might be preferentially bound to the tria.zole 

ligand over Ihe amino at the early stage of titration. 

The sensitivity ofPPE-4 towards various metal ions as well as TFA is shown in the 

decreasing trend depicted in Figure 2-15. In a sharp contrast to PPE-I, the sensitivity of 

PPE·4 for Zn2+ in water was rather diminutive. Since PPE-4 responses to H+ (e.g. TFA) 

in water, the pH of aqueous solution shou ld be kept neutral or basic; hence, PPE-4 can 

selectively detect Cd2+ ions in water at pH::: 7. The difference in fluorescence of PPE·4 

before and after addition of TFA and Cd2+ ions can be visually observed under the 

irradiation ofaUV lamp (Figure 2-15). 

N-Containing amino and Iria.zole groups on the side chains of two PPE sensors 

(PPE-I and PPE-4) were both expected to act as receptors for metal ions. In theory, the 

binding of metal ions to the amino groups should reduce their electron.donating ability. 

The perturbation at the donor would then hinder the energy transfer step in the proposed 

quenching mechanism (Figure 2·6) to revive fluorescence. In addition, the binding of 

triazole groups with metal ions can also alter non-radiative deactivation steps in the 

mechanism. In this respect, characterization of the polymer-metal ion interactions is of 

great value to further unraveling the detailed photophysical mechanisms of the click­

functionalized PPE fluorescencetum-on sensor. 

To beller understanding the binding properties of the receptor and metal ion, 

monomer 2- 11 was titrated with Cd2+ ions and its coordination mode was examined by 

'HNMRspectroscopy(Figure2- 16). 
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--------~--------~)s~[~------~----~ 8.5 8.0 7.5 7.0 6.5 3.1 3.0 2.9 2.8 

Chemical Shift (ppm) 

Figure 2-16: Partial'H NMR spectra monitoring the titration of monomer 2-11 

(6.8 X 10') M) with Cd(CI04n in DMSO-dt;. 

Upon titration of compound 2-11 with Cdh ion, the'H NMR signal ofCH) group 

significantly shifts to the down field direction. The dramatic shift of methyl group signal 

indicates that nitrogen in the amino group binds with the metal ion; as a result, the 

chemical environment changes and methyl protons become deshielded. The interaction 

between the amino group and the metal ion also affects the aminophenyl protons and, as 

can be seen in Figure 2· 16, H. and Hb also shift down field. 

60 



Chapter 2 

In addition to methyl and aminophenyl protons, the triazole proton (Ii,) also shows a 

significant down field shift, indicating that the interaction of triazole groups with metal 

ions also occu rs. The protons on the central phenyl ring (lid), however, show only a slight 

up field shift. The results indicate that the amino and triazole groups are both metal ion 

receptors to effectively interact with Cd l + ions. 

To determine the stoichiometry of the binding event, the obtained data from IH 

NMR spectroscopy was subjected to the Job plot analysis shown in Figure 2-17. In the 

Job plot, the "x" axis is the molar fraction Co and the "y" axis is the difference in the 

chem ical shift after each addition of metal ion which has been mUltiplied by the molar 

fraction (6.0 x iJ in Hz. 

Figure 2-17: Job plot of compound 2-11 in DMSO-dt, (6.0: shifi of the CH) signal; X: 

molar fraction). 

The signal shifi ofCH) protons in compound 2-1 J was determined upon addition of 

Cd2t and applied to calculation of the 6.0 values in the Job plot. In the Job plot, if the 

binding stoichiometry of "host/guest" is I: I, the apex of the plot should appear at 1/(1+1) 
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= 0.5. However, in our case, the apex is at 0.2 which corresponds to the binding 

stoichiometry of 1:4 ratio (1/(1 +4) = 0.2). The 1:4 binding stoichiometry is in agreement 

with 'H NMR observations that compound 2-11 both amino and triazole posi tions 

participate in binding. 

Furthermore, the UV-Vis titration data of monomer 2-1 I with Cd2+ was subjected to 

a global spectral analysis by singular value decomposition (SVO) using the program 

SPECFIT (Figure 2-18). The analysis validates the 1:4 binding ratio and gives a binding 

constant of 10gB = 1.10 ± 0.06 M4 (Appendix 2-1). 

300 350 400 450 
Wavelength (nm) 

Figure 2-18 : UV-Vis titration of compound 2-11 (0.0154 mM) obtained as a function of 

increasing aliquots ofCd(CI04n in DMSO at 298 ± 2 K. Data from above spectrum was 

employed in calculation of association constants using SPEC FIT analysis. The arrows 

indicate the direction of response after addition of analyte. 
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2.4 Conclusions 

Two PPE-based chemosensors (PPE-I and PPE-4) were designed and synthesized 

successfully to delect metal ions in THF and waler respecli\'ely. Incorporation of "click"­

generated triazo1e linker into the side chain of PPEs enables excellent nuorescence tum­

on sensing function for Zn2• and Cd2' ions in THE H' and Cd2• ions in water. The 

binding stoichiometry for the corresponding monomer was also determined by two 

different methods (Job plot and SPECFlT analysis) and the results confirmed a 1:4 

(monomer/metal ion) binding ratio. Click chemistry, in addition to its prominent synthetic 

advantage, offers an effective approach for tackling the challenges encountered in 

development of nuorescence tum-on chemosensors using highly emissive CPs as 

fluorophores. The remarkable sensitivity and selectivity displayed by sensors PPE-l and 

PPE-4 show promising approach for a wide range of appl icabi lity; in panicular, the 

water-soluble PPE-4 is expected to be a useful sensor for Cd1+ ion detection in 

environmental, biological, and industrial applications. 

2.5 Experimental part 

All reactions were carried out under a nitrogen atmosphere unless otherwise noted. 

All chemicals were of reagent grade. Chemicals and reagents were purchaSed from 

commercial suppliers and used as received unless noted otherwise. THF was distilled 

from sodiumlbenzophenone. Et3N and toluene were distilled from CaH2• Palladium 

catalyst, Pd(PPhlhCb, was prepared from PdCI2 according to literature procedures. All 

reactions were performed in standard, oven-dried glassware. Evaporation and 
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concentration were performed at H,D-aspirator pressure. Flash column chromatography 

was carried out with silica gel 60 (230 - 400 mesh). Thin-layer chromatography (TLC) 

was carried out with silica gel 60 F254 covered on plastic sheets and visualized by UV 

light (254 nm) or KMnD. stain. IH and IlC NMR spectra were measured on a Bruker 

Avance 500 MHz or 300 MHz spectrometers. Chemical shifts «(}) are reponed in pans 

per million (ppm) downfield from the signal of internal reference SiMe, . Coupling 

constants (J) are given in Henz. Mass spectra were obtained from an Agilent 1100 series 

LCMSD spectrometer. 

UV-Visible spectra were recorded on an Agilent 8543 Diode Array 

Spectrophotometer interfaced with an tIP computer. Data manipulations were conducted 

using software supplied by the manufacturer. Spectroscopic experiments were conducted 

using 1 cm sealed quartz fluorescence cuvettes supplied by Aldrich. Emission spectra 

were measured on Photon Technology International (PTI) Quantamaster 6000 

spectrofluorometer equipped with a continuous xenon arc lamp as the excitation source. 

The emitting light was collected at 90" to the excitation beam and detected by a 

Hammamatsu R-928 photomultiplier tube (PM1) in photon counting mode. The PMT 

was housed in a water-cooled PMT housing supplied by Products for Research Inc. All 

emission spectra were corrected for instrumental light loss using correction factors 

supplied by PTf. 

Deionized water was obtained from a SybronlBamstead apparatus. Spectral grade 

THF and DMSO solvents (Sigma Aldrich> 99% pure) were used as received. Titrations 

were performed by using trinate or perchlorate salts of the corresponding transit ion 
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metals (unless otherwise noted) purchased from Sigma-Aldrich in 99% purity and used as 

received. Trifluofoacetic acid (TFA) was used in the titration as a source of H+ was 

purchased from Sigma-A ldrich in 99% purity. 

1,4-Bis(decyloxy)benzene (2_1)62 

Hydroquinone (5.01 g, 45.5 mmol), KOH (6.36 g, 114 mmol), EtOH (100 mL), 

C1oH2,Br (25.02 g, 113.2 mmol) were mixed. The resulting grey mixture was heated at 90 

·C for 60 h. [t was cooled to room temperature and then diluted with CH1CI,. washed 

with N~CI, H20, and brine and dried over MgS04. It was filte red through a short si lica 

plug, washed with hexane. The filtrate was concentrated in vacuo. The resulting otT-white 

solid was recrystallized from MeOH. The resulting colorless flakes were washed with 

cold MeOH to produce 2-1 as colorless flakes (10.62 g, 27.2 mmol, 60%). IH NMR (300 

MHz, CDCll): Ii - 6.80 (s, 4H), 3.88 (t, J'" 6.59 Hz, 4H), 1.78-1.68 (m, 4H), 1.44-1.37 

(m, 28 H), 0.86 (t, J = 6.45 Hz, 6H); IlC NMR (75 MHz, CDClJ), 0 153.22, 115.41, 

68.69,31.93,29.62,29.59,29.45,29.44,29.35,26.09,22.71, 14.14. 

1,4-Bis(decyloxy)-2,Sdiiodobenzene (2_2)62 
OC"H" 

I-¢-I 
C,oM"O 
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2-1 (8.05 g, 20.6 mmol), h (13.12 g, 51.7 mmol), Hg(OAc)2 (16.30 g, 51.3 mmol) 

and CH2C12 (200 mL) were mixed and stirred for 24 h. The resulting mixture was filtered 

and washed with aqueous Na2S,Ol solution, water, brine, and dried over MgSO~. The 

solvent was removed in vacuo. The crude product was recrystallized from EtOH to afford 

the product as colorless flakes (6.89 g, 10.7 mmol, 52%). lH NMR (500 MHz, CDCh): 0 

7.17 (s, 2H), 3.92 (t, J - 6.44 Hz, 4H), 1.82-1.77 (m, 4H), 1.52-1.46 (m, 4H), 1.36-1.32 

(m, 24H), 0.88 (t, J = 6.79 Hz, 6H); DC NMR (75 MHz, CDCIJ), 0 152.89, 122.83, 

86.33,70.40,31.94,29.59,29.57,29.35,29.31,29.17, 26.06, 22.72, 14.15. 

I ,4-Bis(2-bromoethoxy)be nzene (2_3)63 

0'1 
A" ,, 'I 

1.......-0 :4 

Carbon tetrabromide (20.5 g, 61.8 mmol) was slowly added in small portions to a 

solution of 1,4-bis(2-hydroxyethyloxy)benzene (3.1 g, 16 mmol) and triphenylphosphine 

(16.1 g, 61.4 mmol) in 100 mL of dry acetonitrile in 0 °C with stirring, followed by 

allowing the reaction mixture to warm to room temperature. The resulting clear solution 

was stirred for another 4 h. Then 70 mL of cold water was added to the reaction, 

whereupon product 2-3 precipitated as a colorless solid. The product was collected by 

vacuum filtration and thoroughly washed with methanollwater (60:40 v/v), and then 

recrystallized from methanol. The obtained colorless flake-like crystals were dried under 

vacuum to afford pure 2-3 (3.9 g, 12 mmol, 77%). lH NMR (500 MHz, CDCb): 0 = 6.86 
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(s, 2H), 4,25 (t, J = 6.30 Hz, 4H), 3.61 (t, J '" 6.30 Hz, 4H); I)C NM R (75 MHz, CDCb), 

0[52.84,1 16. [0,68.73,29.28. 

2,5-Diiodo- l ,4-Bis(2-bro moeth oxy)benzene (2-4 )6l 

Compound 2-3 (3,0 g, 9.3 mmo[), 12(9.165 g, 36. 1 mmol), Hg(OAc)l (I 1.4 g, 35.6 

mmol) and CH2Ch(l50 mL) were mixed and the mixture was stirred overnight. Then it 

was filtered through MgS04, washed with aqueous Na2S20) solution, H20, dried over 

MgSO. , and evaporated in l'lICUO. The residue was recrystallized from EtOH (70 mL) to 

afford 2-4 a colorless solid ( 16.5 g, 28.6 mmol, 56%). IH NMR (500 MHz, CDCll): 0 -

7.22 (s, 2 H), 4.27 (I, J - 6.33 Hz, 4H), 3.66 (t, J - 6.29 Hz, 4H). IlC NMR (75 MHz, 

CDCh),o 152 .78, 123 .91, 86.64, 70.34, 28.52. 

(2 ,S-Bis(3-bromopropyl}-1 ,4-phenylene )bis( ethy ne-2, l-d iyl)bis(t rimethylsi tan e) (2-5) 

A mixture of 2-4 (800 mg, 1.39 mmol), Pd(PPh3hCll (20 mg, 0.02 mmol), and Cu I 

(26 mg, 0. 14 mmol) were taken in [5 mL of dry THF/Et3N (1:1). To this constantly 

stirred mixture was then dropwise added a solution of TM SA (408 mg, 4.17 mmol) in 
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TH F (2 ml) and stirred at room temperature for 24 h. The solvent was removed and the 

resulting solid mass was dissolved in CH1Cb and washed with H20. The organic layer 

was then dried over MgS04' filtered and finally column ehromatographed (hexanesiethyl 

acetate 6:1) to give compound 2-5 as an off-white solid (613 mg, 1.19 mmol, 86%). IR 

(neat): 2956, 2150, 1499, 1396, 12 11, 1072, 1025,902,840,756 cm-\ 'H NMR (300 

MHz., CDCb): oS = 6.93 (s, 2H), 4.28 (t, J= 6.46 Hz, 4H), 3.63 (t, J - 6.49 Hz., 4H), 0.26 

(s. 18H); ')C NMR (75 MHz, CDCh), oS 153.75, 118.90, 115.02, 101.54, 100.15, 69.80, 

28.83,0.00; HRMS (E I. +eV) mlz cakd fo r Cn Hn 8r2O:JSb 513.9995, found 513.9995 

(M'). 

2,S-Bis(2-azidoethoxy)-1 ,4-phenylene)bis(ethyne-2,I-diyl)bis(trimethylsilane) (2-6) 

"-.., , 
TMS~TMS 

O,,----,N. 2" 

Compound 2-5 (600 mg, 1.36 mmo l) was dissolved in OMF (10 mL) and NaN) (486 

mg, 7.49 mmol) was added. The reaction mixture was allowed to stir at 40 ~C overnight . 

Cold water (5 roL) was added to the reaction mixture as well as dichloromethane (IS 

roll. The organic layer was washed with water and brine and dried over MgS04• The 

solvent was evaporated in vacuo to furn ish 2-6 as colorless needle-like crystals (533 mg, 

1.21 mmol, 89%). IR (neat): 2957,2153,2 112, 1498, 1396, 1307, 1213, 1062, 1010,939, 

870, 833, 758, 696 em- i; 'H NMR (300 MHz, CDCb): 05 '" 6.94 (s, 2H), 4.14 (t, J - 4.88 

Hz, 4H), 3.60 (t, J = 4.88 Hz, 41'1 ), 0.25 (s, 18H). ' JC NMR (75 MHz, CDCh), 05 153.73, 
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118.13, 114.59, 101.39, 100.22, 68.73, 50.50. 0.00; HRMS (El, +eV) mlz calcd for 

4-lodo-N,N'-dimefhylaniline (2-7l'" 

~N-o-t 

N.N-dimethylaniline (0.5 g, 4.1 mmol) was added to pyridine/dioxane (30 mL, 1 :1). 

The mixture was cooled at 0 °c with an ice-water bath. Iodine chips (3.14 g, 12.4 mmol) 

were added and the mixture was stirred for I h. Then the ice bath was removed and the 

reaction mixture was stirred at room temperature for another 2 h. Afterwards, Na2S2~ 

(aq. 10%) was added to quench the excess h until the brown color disappeared. After 

removal of solvent in vacuo, the residue was dissolved in CH2CIZ, washed with brine and 

dried over MgS04• Removal of the solvent in vacuo again followed by nash column 

chromatography (CHzCJ2ihexanes, 1:4) afTorded the desired product 2-7 as a white 

powder (0.61 g, 2.5 mmol, 60%). IH NMR (300 MHz, CDC b): S = 7.47 (d, J = 9.05 Hz, 

2H), 6.50 (d, J - 9.01 Hz, 2H), 2.91 (s. 6H); IlC NMR (75 MHz, CDzCh), S 150.55, 

137.84,115.01,77.22,40.50. 

N,N-d imefhyJ-4-«trimethylsily)elhynyl)bcnzcnamine (2_S)6S 

~N~n.lS 
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Compound 2-7 (0.6 g, 2.4 mmol), TMSA (0.59 g, 6.1 mmo]). Cu i (46 mg, 0.24 

mmol) and Pd(PPh3hCb (17 mg, 0,01 mmo]) were dissolved in piperidine (IS mL). The 

mixture was stirred at 70 .,c for 24 h. Then the reaction mixture WIIS concentrated in 

vacuo and dissolved in diethyl ether, washed with saturated NaHCOl solution lind brine. 

The solvent was removed in I'GCUO followed by flash column chromatography with 

(CH2CI2/hexanes, 1:9) to afford product 2-8 as a pale yellow solid (496 mg, 2.28 mmol, 

94%). IH NMR (300 MHz, CDCb): Ii = 7.35 (d, J = 8.99 Hz, 2 H). 6.60 (d, J ~ 8.96 Hz, 

2H), 2.96 (5, 6H), 0.23 (s. 9H); DC NMR (75 MHz, CDCh), Ii 149.98. 132.90, 111.36, 

109.67, 106.33,90.95, 39.95.0.00. 

~Elhyny l-N""-d im elhylben za mine (2_9)6S 

I-()--=: 

Compound 2-8 (425 mg, 1.96 mmol) was dissolved in MeOH (10 mL) and K2COJ 

(756 mg, 5.48 mmol) was added to the mixture. The reaction mixture was stirred for 1 h 

and the solvent removed in vacuo. The residue was dissolved in diethyl ether, washed 

with brine and dried over MgS04. The solvent WIIS removed in vacuo to afford compound 

2·9 as a pale yellow solid (261 mg, 1.80 mmol, 92%). IH NMR (300 MHz, CDCh); Ii ... 

7.38 (d, J= 8.96 Hz, 2H), 6.63 (d. J ~ 8.94 Hz, 2H), 2.97 (5, 7H); IlC NMR (75 MHz, 

CDCb), Ii 150.17, 132.9S, 111.46. lOS. 53. 84.64, 74.55, 39.95. 
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Compound 2-10 

Compound 2-6 (500 mg, 1.13 mmol) and compound 2 ·~ (403 mg, 2.78 mmol) were 

dissolved in dry OMF (10 mL) and Cui (23 mg, 0.12 mmol) and DIPEA (17 mg, 0.13 

mmol) were: added to the mixture. The reaction mixture stirred at room temperature fo r 

24 h. The yellow slurry was filte red and the residue was washed wi th C H2Cb. The filtrate 

was washed with saturated NH4CI, water and brine and dried under vacuum. Flash 

column chromatography with ethylaeetate/hexanes (2: I) gave 2-6 as a pale ye llow solid 

(487 mg, 0.67 mmol, 59%).IR (neat): 2148,1614,1 559,1506,1493,1399,1355,1217, 

1033,942,893,845,788,754,699 em- I; IH NMR (300 MHz, CDCh): oS '" 8.06 (5, 2H), 

7.70 (d, J '" 8.89 Hz, 4H), 6.88, (5, 2H), 6.76 (t, J ,. 8.89 Hz, 41-1 ), 4.81 (I, J = 4.78 Hz, 

4H), 4.35 (I, J - 4.88 liz, 4H), 2.98 (5, 12 H), 0.25 (s, 18H); DC NMR (75 MHz, CDCb), 

oS 153.27, 150.46, 148.70, 126.86, 119.68, 118.98, 117.60, 114.29, 112.52, 101.60, 

100.40, 68.09, 49.75, 40.55, 0.20; HRMS (EI, +eV) miz ealed for C40HsoNIO:!Siz 

730.3595, found 730.3611 (M+). 
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Compound 2·11 

Compound 2· 10 (450 mg, 0.61 mmol) and K2CO)(237 mg, 1.72 mmol) were added 

to 15 mL ofTHFlMeOH (2: I) in a round·bottomed flask and stirred for I h. The solvent 

was removed in vacuo and the residue was dissolved in CH2Ci2 and washed with water. 

The organ ic layer dried over MgSO. and the solvent was removed in VQCUO to give 2· 11 

as a pale yellow solid (275 mg, 0.47 mmol, 77%). IR (neat): 3287, 1612,1559,1504, 

1446,1393,133 1,1270,1219,1133,1041,941,865,805,737 em· l ; 'H NMR (500 MHz, 

DMSQ.d6): 0 = 8.33 (s, 2 H), 7.63 (d, J - 8.72 Hz, 41-1 ), 7.12, (5, 21-1 ), 6.78 (I, J = 8.75 

Hz, 41-1), 4.75 (t, J = 4.71 Hz, 41-1), 4.48 (5, 2H), 4.41 (t, J = 4.73 Hz, 4H), 2.92 (s, 121-1); 

IlC NMR (75 MHz, DMSO·d6), 0152.91, 149.99, 146.88, 126.00, 120.16, 118.63, 

117.48, 112.74,1 12.40,86.60,79.38,67.50,48.93, 29.02 150.46,148.70,126.86,119.68, 

118.98,117.60,114.29, 112.52, 101.60, 100.40,68.09,49.75,40.55,0.20; MALDI·TOF 

MS (dithranol as the matrix) m/z eated for Cl.I-I14N I~ 586.2799, found 586.28 19 (M). 
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1,4.Bis(decyloxy).2. iodo.5.(trimethyls ilylethynyl)benzene (2_12)62 

A mixture of L4-bis(decyloxy)-2,5-diiodobcnzene (2-2) (2.02 g, 3.15 mmol), 

Pd(PPh)lCb (88.0 mg, 0.12 mmol), and Cu i (60.0 mg, 0.31 mmol) were added in 50 mL 

of dry THFlEt)N (I; I). Then a solution of TMSA (216 mg, 2.20 mmol) in dry THF (5 

mL) was added dropwise. The reaction mixture was then slirred al room temperalUre for 

24 h. The solvent was removed under vacuum and the resulting solid mass was dissolved 

in CH2Cb and washed with H20. The organic layer was dried over MgS04, filtered and 

finally column chromatographed (hexanesiCHlCIl, 10:1) to afford compound 2-12 (790 

mg, 1.29 mmol, 41%) as a colorless liquid. lH NM R (500 MHz, CDCb): 0 "" 7.25 (s, 

IH), 6.83 (s, 1 H), 3.95-3.92 (m, 4H), 1.82-1.75 (m, 4H), 1.52-1.46 (m, 4H), 1.32-1.27 

(m, 24H), 0.88 (t, J - 6.57, 6H); llC NMR (75 MHz, CDlC12), 0 154.93, 151.74, 123.87, 

116.34, 113.46, toO.83, 99.47, 87.95, 70.14, 69.83, 31.97, 31.94, 29.69, 29.64, 29.62, 

29.60,29.47,29.38,29.35,29.22,26.15,26.11,26.05, 22.74, 14.[ 7,0.00. 

Compound 2-14 
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Phenylacetylene (255 mg, 2.50 mmo]) was dissolved in dry THF (15 mL) and Cu i 

(28 mg, 0.15 mmol) and OIPEA (21 mg, 0.16 mmol) were added to the mixture. 

Compound 2-6 (500 mg, 1. 13 mmol) was dissolved in THF (5 mL) and added to the 

reaction mixlure dropwise. The react ion mixture stirred in 50 °C for 24 h. The white 

slurry was filtered and the residue was washed with elhylacelale. The filtrate was washed 

wi th saturated NH.CI, water and brine and dried under vacuum. The obtained solid was 

washed with hexane, decanted and dried in vacuo 10 afford compound 2-1" as a pale 

yellow fine powder (670 mg, 1.04 mmol, 92%). IR (neal): 2961, 2142,1498, 1402, 1260, 

1214, 1023,932,864,797,756,691 em-I; IH NMR (300 MHz, CO,CI,): /) .. 8.13 (5, 2 

H), 7.74 (d, J = 7.78 Hz, 4H), 7.33 (I, J: 7.39 Hz, 4H), 7.24 (I, J : 7.49 Hz, 2H), 6.83 (s, 

2H), 4.75 (I, J .. 4.76 Hz, 4H), 4.28 (t, J : 4.77 Hz, 4H), 0.15 (s, 18H); DC NMR (75 

MHz, CO,CI,), Ii 153.65, 148.18, 131.30, 129.21, 128.46, 126.13, 121.60, 117.93, 114.58, 

10 1.88, 100.76, 68.39, 50.27, 1.21; HRMS (EI, +eV) m/z caled fo r C:I6H40N¢~S i 2 

644 .2751, found 644.2753 (M). 

Com pound 2-15 
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Compound 2-14 (600 mg, 0.93 mmol) and K2COJ (629 mg, 4.56 mmol) were added 

to 15 mL ofTHFlMeOH (I :1) in a round-bottom flask and stirred for 0.5 h. The solvent 

was removed in vacuo and the residue was dissolved in ethyJacetate and washed with 

water. The organic layer dried over MgS04 and the solvent removed in vacuo to give 2-

15 as a pale ye llow solid (433 mg, 0.86 mmol, 93%). lR (neat): 3290, 1666, 1565, 1496, 

1396,1353,1269,1224,1156,1041,925,869,803,759,698 em-I; III NMR (300 MHz, 

CD2C12): is .. 8.14 (s. 2 H), 7.74 (d, J .. 7.14 Hz, 4H), 7.34 (t, J= 7.03 Hz, 4H), 7.24 {t,} 

.. 7.22 Hz, 2H), 6.88 (s, 2H), 4.74 (t, J '" 4.74 Hz, 4H), 4.27 {t,}= 4.97 Hz, 4H), 3.38 (5, 

2H); llc NMR (75 MHz, C02C12), 0153.89, 147.93, 131.30, 129.23, 128.39, 125.89, 

122.04,118.17,113.90,83.78,79.57,68.34,50.09; HRMS (El, +eY) m/z calcd for 

C30H24N6~ 500.1955, found 500.1958 (M"'). 

(2,5-Bis( de<:yloxy}-I ,4-phtnylenebis( dhyne-2, J-d iyl)bis(trimethylsila De) (2_16)62 

oc,oH" 

T)dS~TMS 
C,oH"O 

Compound 2-2 (6.52 g, 10.2 mmol), Pd(PPh3nCI2 (0.73 g, 1.04 mmol) and CuI (0.42 

g, 2.2 mmol) wcre added to an ovcn-dried round-bottomed flask containing dry 

THF/EIJN (100 mL, 1:1). TMSA (2.54 g, 34.3 mmol) in dry THF was added dropwise 

and the rcaction mixture was stirrcd at room temperature overnight. The solvents was 

removed in vacuo to give Ihe crude product, which was purified by silica flash 

chromatography using hexanesJethylacetate (3:1) to afford compound 2-16 as a pate pink 
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solid (4.51 g, 7.7 mmol, 76%). 'H NMR (500 MHz, CDCll): 5 6.91 (s, 2H), 3.96 (t,J '" 

6.36 HZ,4H), 1.83-1.78 (m, 4H), 1.55-1.49 (m, 4H), 1.34-1.29 (m, 24H), 0.91 (t, J = 

6.80, 6H),0.28 (s, 18H). 

Compound 2-16 (3 .2 g, 5.5 mmol) and K2COl (31.92 g, 23.1 mmol) were added to 

20 mL ofTHFlMeOH (1:1) in a round-bottomed flask and sti rred for I h. The solvent 

was removed in vacuo and the residue was dissolved in CH2Cb and washed with water. 

The organic layer was dried over MgSO. and the solvent removed in vacuo to give 2-17 

as a pale yellow solid (2.2 g, 5.0 mmol, 93%). IH NMR (500 MHz, CDCll): 5 6.95 (s, 

2H), 3.97 (t,J'" 6.63 Hz, 4H), 3.32 (s, 2H), 1.82-1.77 (m, 4H), 1.52-1.46 (m, 4H), 1.39-

1.34 (m, 24H), 0.90-0.87 (t,J '" 6.76 Hz, 6H). 

1 ,4-Diiodo-2,5-dimetho~ybenzene (2_ 19)61 

;t;;t 
I--Y' 

DCH3 

Commercially available 1,4-dimethoxybenzene (2.5 g, 18 mmol), h (9.6 g, 38 

mmol), Hg(OAc)dI1.8 g, 37.1 mmol) and ClbCh(150 mL) were mixed and the mixture 

was stirred overnight. Then it was filtered through MgS04, washed with Na2S20l, H20, 
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dried over MgS04 and evaporated in vacuo. The residue was recrystallized from EtOH 

(100 roL) to afford a colorless solid 2-19 (4.4 g, 11 mmol, 62%). IH NMR (500 MHz, 

CDCb): 1) = 7.20 (s, 2H), 3,83 (s, 6H). 

2.S-Diiooobenzene-I.4-diol (2_20)6! 

To a solution of compound 2-19 (43 g, 11 mmol) in CH2C1l (200 mL) under a dry 

ice bath was added BBrJ (3.13 mL, 33.1 mmol). The mixture was allowed to warm to 

room temperature and stirred overnight. The resulting mixture was cooled in an ice bath. 

Then H20 (100 mL) was added. The mixture was then filtered and washed with CH1Cb. 

The fi lt rate was extracted with ObCband the organic layer was dried over MgS04 and 

evaporated to afford 2-20 as an off-white solid (33 g, 9.0 mmol, 82%). IH NMR (500 

MHz, (CDJ)2CO): 1) = 8.67 (5, 2H), 7.30 (s, 2H). 

2,S-.Diiodo-l ,4-pbenylene bis(4-(dimethylamino)benloale) (2-22) 
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4-(Dimethylamino)benzoic acid (902 mg, 5.47 mmol), 2,5-diiodobenzene-I,4-diol 

(900 mg, 2.47 mmol) were dissolved in pyridine (15 mL) and the mixture was cooled to 0 

°c and SOCb (650 mg, 5.47 mmol) was dissolved in pyridine (5 mL) and slowly added 

to the mixture. The reaction mixture was stirred at room temperature overnight and then 

poured to a large amount of water. The white precipitation was collected through vacuum 

filtration and the off-white solid was washed several times with MeOH to give compound 

2-22 (729 mg, 1.11 mmol, 45%) as an off-white solid. JR (neat): 1725, 1605, 1537, 1451, 

1378,1269,1160,1040,991,945,823,755,692 cm· l ; IH NMR (300 MHz, CDCIl): li -

8.12-8.09 (d, J = 9.06 Hz, 4H), 7.71 (s, 2H), 6.74-6.71 (d, J - 9.10 Hz, 4H), 3.10 (5, 

12H); DC NMR (75 MHz, CDCIl), oS 164.20, 154.01, 149.57, 132.68, 132.44, 114.98, 

110.87,90.06,40.10; HRMS (E l, +eV) mlz calcd for C24H22 12N20 4 655.9669, found 

Sodium 3,3'-(2,S-diiodo-l,4-phcuylcne)bis(oxy)dipropane-l-sulfonale (2_24)66 

,*";""50,"' 
O ............... SO,Na 

2,5-Diiodobenzene- I,4-diol (500 mg, 1.38 mmol) was dissolved in II mixed solvent 

ofaq. NaOH (I M, 25 mL) and dioxane (7 mL). Propane sultonc (422 mg, 3.4 mmo]) was 

slowly added to the mixture and stirred for 24 h. The reaction mixture was cooled in an 

ice bath and acetone was added to give 2-24 (187 mg, 0.29 mmol, 2[%) as a while solid. 

IH NMR (300 MHz, 0 ,0): (5 = 7.39 (5, 2H), 4.11 (t, J = 5.92 Hz, 4H), 3.14 (t, J .. 7.67 
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Hz, 4H), 2.20-2.11 (m, 4H); 11C NMR (75 MHz, D,O), 0 152.52, 124.15,86.45,69.33, 

48.18,24.30. 

P PE-I 

Compound 2-2 (42 mg, 0.06 mmo l), compound 2·11 (43 mg, 0.07 mmol), compound 

2-12 (5.0 mg, 7.5 x 10.1 mmol) as an endcapping reagent, Pd(PPh)2Cb (4.0 mg, 5.7 x 

10.1 mmol) and CuI (5.0 mg, 2.63 x 10.2 mmol) were dissolved in dry T HF/piperidine (40 

mL, 5:3). The flask was purged with N2 1wice and was cooled to _78°C. The content was 

heated up to 60°C. The reaction mixture was stirred ror 24 h at this temperature and then 

cooled to room temperature. The solvent was evaporated o lf under vacuum and the 

residual solid mass was dissolved in CH2CI2 and washed sequentially with satd NH4CI 

solution to give a deep·red organic layer, which was concentrated to dryness and 

dissolved again in CH,Cb and precipitated out or MeOH to yie ld PPE· I (36 mg, 3.7 )( 

10.2 mmol, 56%) as a ye llow-orange solid. IR (neat): 292 1, 2850, 1614, 1561 , 1501, 
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1455,1357,1269,1207,1040,938,858,811,722 cm-I; IH NMR (300 MHz, CDCb): 0" 

~~~=~~~~~~~~~~~~~~~ 

(m, 6H), 2.94 (m, 12H), 1.74 (m, 2H), 1.21 (m, 42H), 0.85 (m, I [H), 0.Q7 (m, IH); I)C 

NMR (75 MHz, CDCb), 0 150.14, 148.57, 126.46, [ 12.32, 112.26,90.12,90.09,69.85, 

50.02,49.6 1,40.56,40.34,3 [.90,29.62,29.55,29.36,2934,22.72,22.69, 14. [5. 

PPE-2 

Compound 2-2 (70 mg, O. [1 mmo[), compound 2-IS (60 mg, 0.12 mmol), compound 

2-12 (6.5 mg, 0.012 mmo!) as an endcapping reagent, Pd(PPh).Cl2 (1.5 mg, 0.01 mmol) 

and CuI (6 mg, 0.03 mmol) were dissolved in dry THF/piperidine (40 ml, 5:3). The flask 

was purged with N2 twice and cooled to -78 "C. The content was heated up to 60 "c. The 

reaction mixture was stirred for 24 h at this temperature and then cooled to room 

tcmperature. The solvent was evaporated under vacuum and the residual solid mass was 

dissolved in CH2C I. and washed sequentially with 1% HCI and satd. NH4CI solution to 

give a deep-red organic layer, which was concentrated to dryness and dissolved again in 

CI'bCh and precipitated OLlt of MeOH to yield PPE-2 (69 mg, 0.08 mmol, 65%) as a 
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deep-ye llow solid. lR (neat): 292 1, 2851, 1562, 1498, 1459, 1423, 1369, 1269, 1210, 

1040,920,857,761,693 cm-I; IH NMR (300 MHz., CD1Cll): Ii " 8.34 (m, 21-1 ), 7,79 (m, 

2H), 4.77 (m, 4H), 4.33 (m. 4H), 3.86 (m, 6H), 1.68 (m, 9H), 1.1 3 (m, 42 H), 0.76 (m. 

12H), 0.19 (m, lH); 13C NMR (75 MHz, CD2Cb), Ii 148.03, 147.98, 129.01, 128,15, 

126.07, 125.77, 125.74, 125.72,122.29, 122.24,70.32,70.06,50.17,32.34, 32.29, 30.03, 

29.99,29.74,29.73,26.50,23.11,23.08, 14.30. 

PPE-3 

Compound 2-22 (80 mg, 0. 12 mmol), compound 2-17 (61 mg, 0. 13 mmol), 

compound 2-12 (9.0 mg, 0.01 mmol) as an endcapping reagent, Pd(PPh1hCb (8.0 mg, 

0.01 mmol) and Cu i (5.0 mg, 0.03 mmol) were dissolved in dry THF/piperidine (50 mL, 

5:3). The nask was purged with N, twice and was cooled to _78°C. The content was 

heated up to 50°C. The react ion mixture was stirred for 24 h at this temperature and then 

cooled to room temperature. The solvent was evaporated ofT under vacuum and the 

res idual sol id mass was dissolved in CB,Cb and washed sequentially with water and 

brine to give a deep-red organic layer, which was concentrated to dryness and redissolved 

in CH,Cb and precipitated out of MeOH 10 yield PPE-J (97 mg, 0.08 mmol, 72%) as a 
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green-orange solid. [R (neat): 2923, 2853, 1722, 1603,1539, 1500, 1458, 1426, 1374, 

1269, 121 I, 1160,945, S54 em·'; 'H NMR (300 MHz, CDCb): 05 - 6.97 (m, SH), 6.70 

(m, 4H), 4.00 (m, 32H), 3.09 (m, 12H), 2.04 (m, ISH), 1.27 (m, 196H), 0.S6 (m, 45H), 

0.26 (m,5 H). 

]'PE-4 

Compound 2-24 (lOS mg, 0.17 mmol), compound 2- 11 (9S mg, 0.17 mmol), 

Pd(PPh3hCI2 (15 mg, 0.02 mmol) and Cui (7 mg, 0.04 mmol) were suspended in 10 mL 

of DMF/thO/DIPEA (3:2:1) under a nitrogen atmosphere and the mixture was stirred at 

SO °C for 12 h. The reaction mixture was slowly added to 100 mL of 

methanol/acetone/ether mixlUre (1:4:5) after being cooled to room temperature. The 

precipitate was centrifuged and redissolved in 20 mL of water/methanol (7:3), followed 

by treatment with 0.01 g ofNa2S. The mixture was filtered and the filtrate was slowly 

added to 200 mL of methanol/acetone/ether mixture (1:4:5). The precipitate was 

centrifuged to obtain PPE-4 (147 mg, 0.12 mmol, 70%) as a deep red powder. IR (neat): 

2922,2850, 1659, 1613, 1500, 1360, 1325, 1204, 1040,942,815,783 em"; 'H NMR 
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(500 MHz, DMSO-d6): Ii eo 7.61 (m, 8H), 6.50 (m, 4H), 4.83 (m, 4H), 4.52 (m, 4H), 4.02 

(m, 8H), 2.88 (m, 12H), 2.26 (m, 2H), 2.08 (m, 12H), 1.23 (m, 3H). 
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Chapter 3 

Poly(p-phenylene ethynylene)s (PPEs) as 

Carbon Nanotube Dispersants 

3-1 In trod uction 

Carbon nanolllbes (CNTs) are tiny cylinders made of sp1-hybridized carbon atoms 

with diameters on the nanometer scale. Conceptually, they can be formed from rolling up 

graphene sheets in various fashions. The small dimensions and long aspect ratio ofCNTs 

give rise to unique physical properties such as high mechanical strength, electrical and 

thermal conductivity, which make them very attractive materials for a wide range of 

promising applications from nanomedicine, sensing devices, energy storage to 

electrically and thermally conductive materials.)· ·)? In spite of great improvements made 

in synthetic techniques, Ihe purity of synthesized CNTs is usually poor. Commercially 

available single-walled carbon nanotubes (SWNTs), for example, invariably contain 

transition metal catalysts such as Fe, Co and Ni. In addition, SWNTs are composed of 

various types in terms of diameter, chirality and electronic properties. In practice, 

SWNTs bundle together strongly through van der Waals forces and It-lt interactions 

which make them insoluble in common organic solvents. 
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The major obstacle to using commercially available SWNTs in CNT-based devices 

is their low purity. In order to use SWNTs in practical applications, specific types of 

SWNTs, e.g. electronically or structurally pure SWNTs, should be accessible. Hence, the 

development of purification methods to extract particular types of SWNTs from 

commercial products, and to debundle and disperse SWNTs in organic media, has 

captured great interest during the last decades. Ultra-centrifugation, ultra-sonication, 

covalent functionalization and non-covalent functionalization have been reported in the 

recent literature as potentially usefu l methods to purify SWNTs.42-4l 

In covalent functionalization, the reactive sites of SWNTs, e.g. endcaps and defects 

on the sidewall, undergo various chemical reactions. The resulting SWNTs exhibit high 

solubility in organic solvents. 44 Since the chemical reactions lead 10 the formation of 

covalent bonds. the Jt-delocalization among s/-hybridized carbons of SWNTs are 

disrupted, and as a result the structural integrity and electrical conductivity ofSWNTs are 

changed dramatically. This is a disadvantage of the covalent method. 

In the noncovalent method, SWNTs interact with other chemical species through 

weak /t-'/[ interactions, but do not fonn any covalent bonds. In contrast to the covalent 

functionalization approach, noncovalently functionalized SWNTs are structurally intact 

and their physical properties are hence remain the same as those ofprisline SWNTs. The 

advantage of using noncovalent funct ionalization approach to preserve the properties of 

pristine SWNTs has att racted considerable attention. Supramolecular complexes of 

SWNTs with other spe<:ies such as polymers have been found to result in dispersable 

SWNT materials in organic so]vents. S4•S6 For example, a series of fluorene·based 

85 



Chapter 3 

polymers was utilized by Nicholas and co-workers to disperse HiPCO and CoMoCAT 

SWNTs which exhibited a certain degree of diameter selectivity.S! Another series of 

fluorene-based polymers was investigated by Chen and co-workers to show selectivity 

towards specific chirality of SWNTs.sS Poly(p-arylene ethynylene)s have been 

investigated to disperse SWNTs and give selectivity in terms of diameters by Nicole 

Rice, a former student of the Zhao group at Memorial.~ 

3,2 Objectives of the project 

The main aim of this project was to develop a series of poly(p-phenylene 

ethynylene)s to disperse SWNTs in organic solvents and to test their selectivity for 

different types of SWNTs. The Zhao group has previously reported the capability of 

linear conjugated polymers such as poly(p-phenylene ethynylene)s (PPEs), poly(p­

phenylene vinylene)s (PPVs), and poly(phenylene butadiynylene)s (PPBs) to disperse as­

prepared SWNTs in organic solvents. ~ The effectiveness of various conjugated polymers 

at dispersing CNTs was found to be correlated with the structure and electronic nature of 

the polymer. 

To deepen our understanding of the polymer effect, in this project, a systematic 

design of conjugated polymers was planned, in wh ich highly It-extended aromatic groups 

such as anthracene and pyrene were to be incorporated into the backbone of the polymer 

(Figure 3-1). The target polymer 3-1 contains only phenyl rings on the side chain of the 

polymer and target polymers 3-2 and 3-3 have anthracene and pyrene moieties 

respectively attached to the backbone of the polymer. 
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pOly ..... l.' 

pOly ...... 3·2 

pOly ...... l·l 

Figure 3-1: Molecular structures of target polymers. 
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Polymer 3·1 was designed as a reference polymer to study the effect o f introducing 

aromatic moieties to the side chain of the polymer. Since polymers 3·2 and 3·3 have 

relatively large planar aromatic moieties (anthracene and pyrene, respectively), they were 

expected to provide stronger 1t·1t interactions with the side walls of S WNTs, As such, 

more efficient dispersion ofSWNTs by these two polymers were anticipated compared 10 

polymer 3-1 which only carries phenyl rings in its side chains. 

The Sonogashira cross coupling reaction was planned to be used for synthesis of the 

polymer backbone. while modular "click reactions" were designed to funclionalize the 

polymers in a rapid and efficient manner. 

3.3 Results and Discussions 

3.3.1 Synthesis of polymer 3·1 and related monomers 

To achieve polymer 3·1 , two monomeric precursors, compound 3·1 and 3-2 (Figure 

3.2), needed to be prepared first. 

~' 
C,oH"O 

Figure 3-2: Molecular structures of monomers 3·1 and 3·2. 
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Monomer J-t was obtained from desilylation of compound 3-S in the mixture of 

McOHfrHF by KlCO) (Scheme 3-1) Compound 3-S was synthesized through 

Sonogashira reaction of compound 3-4 with trimethylsilylacetylene (TMSA) in THF and 

Et)N in the presence of PdlCu catalysts. Compound 3-4 was obtained by an alkylation 

reaction of hydroquinone followed by iodination. In the synthesis, commercially 

available hydroquinone underwent a two-fold alkylation reaction with l-bromodecane in 

a basic ethanolic solution to afford intermediate 3-3. Iodination of compound 3-3 in the 

presence of iodine chips and mercuric acetate afforded compound 3-4 in II reasonable 

yield (Scheme 3-1). 

'"'" Pd(PI'Illl. CI •. Cuj 

DlF.El,N 
~ . ovemlgl" 

'" 

re'''''' 'y ' 
C,oHa, O 

Scheme 3-1: Synthesis of compound J-I from hydroquinone. 

To introduce the phenyl ring to the side chain of the polymer, a pre-functionalil.ation 

method was used to achieve compound 3-2 as another monomer. To synthesize 

compound 3-2. commercially available 1,4-dimethoxybenzene underwent an iodination 
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reaction with iodine chips under the catalysis of mercuric acetate in dichloromethane to 

afford compound 3-6. The methoxy groups of compound 3-6 were converted to hydroxyl 

groups using BBr) in dichloromethane to afford compound 3-7. Steglich esterification of 

compound 3-7 with bromoacetic ac id (compound 3-8) in the presence of 

dicyc lohcxylcarbodiimide (DCC) and 4-{dimethylaminophenol) (DMAP) established 

compound 3-9. Azidification of compound 3-9 using NaN} in DMF at room temperature 

afforded compound 3-10 (Scheme 3-2). 

¢~ s7' '" 12• Hg(OAcjz, CH~12 Bar,. CH,C~ J7' , 14 ~ , 1 4 

oc", OC", ovemighl 

'" ,,. 

Na~. DMF 

rt. ovemighl 

Scheme 3-:Z: Synthesis of compound 3-10. 

Compound 3-10 was subjected to a click reaction with phenylacetylene (compound 

3-J 1) in the presence of diisopropylethylamine (OJ PEA) as a base and a catalytic amount 

ofCuJ in THF to afford monomer 3-2 in a good yield (Scheme 3-3). 
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O{"~~~ 

I-p-I 

~-t~J=0 

Scheme 3-3: Synthesis of compound 3-2. 

Compound 3-2 shows very low solubility in organic solvents and it is only soluble in 

hot DMSO. Several efforts to polymerize this compound with dialkyne 3-1 in 

THFIDMSO solvent system were unsuccessful. The IH NMR spectrum of ]-2 was 

unclear and no suitable approach has been found to purify the reaction mixture (Scheme 

]-4). 

~' 
C,oH.,O 

Pd(PP!l,),C~.C"1 

ToIuo....-oMSO "'c 
Polyme. 

Scheme 3-4: Attempted polymerization to achieve polymer 3-1. 

Since the pre-funclionalizalion approach was unsuccessful because of the low 

solubility of monomer 3-2, a post-funclionalization method was applied (Scheme 3-5). 

Compound 3-9 containing pendant bromide groups was used as a monomer instead of 
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monomer 3-1. The polymerization of compound 3-9 with compound 3-1 afforded 

polymer 3-4 in which bromide groups were incorporated in the side chains of the 

polymer. Unfortunately, several trials to convcrt bromide groups to azido groups using 

NaN) were unsuccess ful. As a result, the next step, click reaction with phenylacetylene, 

was not performed. Polymer 3-4 exhibited very low solubility in organic solvents. 

Presumably, for this reason, subsequent azidifieation of 3-4 was unsuccessful. 

Pd(P~A. Cut 
Srn: OC,oHl' 

~ 
:rBrC'~,O 

Pol)r ...... ~ 

Scheme 3·S: Synthesis of polymer 3-4 and attempted azidification reaction to achieve the 

precursor to polymer 3-1. 

3.3.2 SYQthesis or new precursors a nd polymers 

Since the polymerization was unsuccessfu l using precursors 3-1 and 3·9 to achieve 

polymer 3-4. some new precursors were synthesized. The esteric groups showed low 

stability after being introduced to the side chains of the polymer and they likely 

underwent hydrolysis process. Therefore, replacement of the esterie linkers by more 

stable groups such as alkoxy was attempted. Compound 3-12 was synthesized as the 

diiodo monomer for polymerization. 2,2 "-(1.4.Phenylenebis(oxy»diethanoJ was 
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subjected to an Appel reaction in the presence of CBr4 and PPh) in MeCN at room 

temperature to afford compound 3-IJ. Then iodination of compound J-Il with 

hlHg(OAch in methylene chloride furnished compound J-12 (Scheme 3-6). 

01 01 o..-........Sr 
A OH cBf,.Pf>PI,. Asr I •. Hg(OAc. I. 1 (y' 

OHY ~: n.4 ~ srY ;.~~ AI 
\.........0 \.........0 ' .11 ~'Mo Sr ............. O 

Schcme 3-6: Synthesis of compound 3-12. 

Compound 3-12 was subjected to the polymerizllt ion reaction with compound 3-1 

cmploying different conditions. This polymerization was tuned by changing several 

factors. First, the base was changed from DBU to piperidine. Piperidine is a weaker base 

than DBU and decreases homocoupling side reactions, which introduce low solubility to 

the polymer products during the reaction. Compound 3-1J was used as an endcapping 

reagent in a catalytic amount (10 mol%) during the polymerization to increase the 

solub ility of the polymer. Polymers with TMS groups at the ends of the polymer chain 

could not undergo further reactions such as cross coupling reactions. The resulting 

polymers could be purified by washing with MeOH, MeCN, water and hexanes and TLC 

analysis showed a single spot on the baseline of the TLC plate. Polymer 3-5 showed quite 

good sol ubil ity in organic solvents such as THF, CHCh and CH2Ch (Scheme 3-7). 

Unfortunate ly, attempts to convert the bromide groups of 3-5 to azido groups under 

different condit ions using NaN) were unsuccessful. Hence, the next step, cl ick reaction 

with phenylacetylene, did not proceed. 

93 



Chapter 3 

0--

Scheme 3-7: Synthesis of po lymer 3-5 and attempted azidification reaction to achieve the 

precursor to corresponding polymer. 

Compound 3-13 was achieved by subjecting compound 3-4 to Sonogashira reaction 

with 0.7 molar equivalent ofTMSA using Et)N as base and PdlCu as catalysts (Scheme 

3-8). 

Scheme 3-8: Synthesis of compound 3-13. 

A pre-functionalization approach was attempted to perform the click reaction before 

polymerization. Bromide groups on compound 3-12 were converted to azido groups in 

the presence of sodium azide in DMF to afford compound 3-14 (Scheme 3-9). A click 

reaction was done with phenylacetylene in the presence of OIPEA as a base and a 
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catalytic amount or CuI in THF to rurnish compound 3-t5, which was insoluble in most 

organic solvents except hot DMSO. 

Scheme 3-9: Synthesis orcompound 3·15. 

Since compound 3·15 showed very poor solubility in organic solvents, the 

polymerization step was not carried out (Scheme 3- J 0). 

Polymer 

Scheme 3·10: Attempted polymerization of monomer 3-1 and monomer 3-IS to achieve 

the intended polymer. 

Since the synthesized diiodo click reaction products suffered from low solubility, the 

polymerization step was thwaned by the low solubility problem. To solve this problem, 

an alternative method was tried, in which the diiodo click products were convened to 
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dialkynes. Removal of the iodide groups and introducing some extra carbons to the click 

reaction product resulted in dramatically enhanced solubility (Scheme 3-1 I). 

Sche me 3-11 : Alternative method to solve the solubi lity problem of the monomer. 

Instead of us ing compound 3-1 as the terminal alkyne for polymerization via 

Sonogashira coupling, the click product was convened the terminal alkyne. Compound J-

19 was synthesized as a dialkyne monomer for the polymerization. Compound 3- 12 was 

subjected to Sonogashira reaction with TMSA to afford compound 3- Hi. Then, the 

bromide groups were convened into azido groups in the presence of sodium azide to 

furnish compound 3-17 bearing two azido groups. A click reaction was done between 

compound 3-17 and phenylacelylene in the presence of DIPEA and CuI in THF to obtain 
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compound 3-18. Column chromatography was run to obta in the pure compound. but it 

gave an extremely low yield of the product. Hence, instead of column chromatography, 

the crude product was washed with hexanes thoroughly and subjected to the desilylation 

reaction. Dialkyne 3-19 was made by the des ilylation of compound 3-18 in the presence 

ofK2CO) and THFlMeOH at room temperature (Scheme 3-1 2). The solubility decreased 

after removing TMS groups and it appeared to be panial1y soluble in methylene chloride 

and chloroform and THF. However. it was completely soluble in DMF and DMSO. 

TMSA. EI,H. THF 
s/'o 

TMS--=--O--=-TMS 

O~~ 
~;.14" 

0--
N 

{ N N 
b{ 

o Ph 

TMS--=--O--=-TMS 

Ph 0 
19J 
NNN 

Scheme 3-12: Synthesis of compound 3-19 as a new monomer. 

Polymerization was done using monomer 3-19 as dialkyne and monomer 3-4 as 

diiodo monomer, in the presence of PdfCu catalyst, THF. the endcapping reagent 

(compound 3-13), and DIPEA as base (Scheme 3-13). Polymer 3·6 showed quite good 

solubi lity in organic solvents such as THF, ch lorofonn, and methylene chloride. 
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Scheme 3-13: Synthesis of polymer 3-0. 

3.3.3 Synthesis of modified polymers (polymer 3-7 and polymer 3-8) and rela ted 

Based on the encountered solubility problem ormonomers to synthesize polymer 3-1 

and also the results or modification or polymer 3-1 to polymer 3-0, two other target 

polymers were derived rrom polymer 3-2 and polymer 3-3 to polymer 3-7 and polymer 3-

8 respectively. [n the new polymers, the aromatic moieties, anthracene and pyrene, are 

attached to the backbone or the polymer via a[koxy groups. Furthermore, endcapping 

reagent (3-13) was used to introduce more solubility to the target conjugated polymers. 
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Figure 3·3: Molecular structures of modified polymers. 

After successfully attaching phenyl rings to the side chains of the polymer, attempts 

to introduce anthracene and pyrene us ing the same synthetic procedure were conducted. 

Compound 3·21 was synthesized as a {enninal alkyne. 9·Bromoanthracene was subjected 

to SOllogashira reaction with TMSA in THF and EtJN in {he presence ofPd(PPh)CI, and 
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CuI as catalysts to furnish compound 3-20. Desilylation of compound 3-20 in K:!CO) and 

THFfMeOH afTorded compound 3-21 (Scheme 3- 14). 

. '"" do""' eGo"" '" Pd(PPh,.)CI,. C'" '" "" '" MeOH. THF. n 
1 - - - I --

.& .& Et,N.THf .&.& "'ICO, 
75 ' C, ,,.omighl 

,~ 

Scheme 3·14: Synthesis of compound 3-21. 

Compound 3-25 was also synthesized as another term inal alkyne. Pyrene was 

brominated by HBr and l·b02 in MeOHfEt20 mixture!o afford compound 3-22 ; however, 

the product contained a small amount or unreacted pyrene which could not be separated 

by column chromatography due to very close polari ty. Then compound 3-22 was 

subjected to Sonogashira reaction using 2-methylbut-3-yn-2-o1 (compound 3-23) in 

piperidine and in the presence of Pd/Cu to afford compound 3-24. Deprotection of 

compound 3-24 by KOH in toluene furnished compound 3· 25 (Scheme 3.15). 

Scheme 3·1 5: Synthesis of compound 3-25. 
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With compounds 3-17 and 3-21 in hand, a click reaction was applied to achieve the 

intended click product. The reaction did not proceed and the obtained reaction mixture 

showed many spots on the TLC plate. Various conditions, including changing the solvent 

from THF to DMF and using microwave instead of heating, did not lead to any 

improvement (Scheme 3-16). 

Scheme 3-16: Attempted click reaction to attach an anthracene system to the monomer. 

The same observation was made during the click reaction of compound 3-25 with 3-

17 (Scheme 3-17). Various conditions again wcre investigated including changing the 

solvent, temperature and employing microwave conditions, but the intended click product 

was not achieved. 
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Scheme 3-17: Attempted click reaction to attach the pyrene to the monomer. 

Since some precipitation was observed during the click reaction of3-17 with 3-21, it 

was assumed that the product was insoluble after the first click reaction, which hindered 

the intended second click reaction. To increase the solubility, compound 3-28 was 

synthesized and used as the diazido compound instead of compound 3-17. The 

incorporation of long alkane chains in trimer 3-28 was then planned to gain more 

solubility. 

Compound 3-16 underwent desilylalion in the presence of K2COJ in MeOHrrHF 10 

afford compound 3-26. Sonogashira reaction of compound 3-26 with compound 3-13 in 

THFfEt)N and PdJCu as catalysts, furnished compound 3-27. Bromides were converted to 

azido groups using NaN) and THFIDMF as a solvent mixture to obtain compound 3-28 

(Scheme 3-18). 
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Scheme 3·18: Synthesis of compound 3·28. 
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With highly soluble compound 3·28 in hand, a click reaction was conducted to 

achieve the intended click product (Scheme 3·19). Although various conditions such as 

changing the solvent, different temperatures, and microwave conditions were applied, 

none of them afforded the intended click product. The reaction mixture showed many 

spots on the TLC plate. Although the major spots were separated by column 

chromatography, their IH NMR sp«lra were not meaningful for structural elucidation. 
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'·21 

Scheme 3·19: Attempted click reaction to attach the anthracene on the monomer using 

trimer compound. 

Using of anthracene and pyrene as the alkyne in click reaction did not afford the 

click product with the corresponding azide compounds. Hence, a new approach was 

applied; instead of attaching alkyne group to the anthracene, the azido group was 

incorporated in to the structure (Scheme 3-20). 

Scheme 3·20: Synthesis of compound 3·32. 

Compound 3-31 was prepared by a Ph.D student in our lab, Mr. Karimulla Mulla. 

Compound 3·30 was synthesized by the reaction of hydroquinone with propargyl 

bromide (compound 3·29) in the presence of K2COJ as base in DMF. By subjecting 
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compound 3-31 and 3-30 to the click reaction conditions using DIPEA as base. Cui as 

catalyst and THF as solvent. compound 3-32 was obtained in a high yield (Scheme 3-20). 

Compound 3-31, however. is only soluble in hot DMSQ which brings limitation during 

the polymerization step. 

To increase the solubility of compound 3-32, the chemical structure of compound 3. 

30 redesigned by incorporating TMSA groups to the structure of the molecule. Hence, 

with compound 3-36 in hand. II click reaction can bc conducted with compounds 3-32 

and 3-33 to achieve the intended click products. By desilylation of the click products, the 

related monomers could be obtained and the polymerization step was conducted by using 

more soluble monomers (Scheme 3-21). 

M" 
'(( 

COfrHponOI"OpoIf'I'""I •••• 

• •• •••• • . ~ eliclo.pr».x:!' 

Scheme 3-2 1: Polymerization with new monomers. 
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By selecting compound 3-36 as a target precursor for click reaction with compounds 

3-32 and 3-33, the synthesis started from compound 3-6. Sonogashira reaction of 

compound 3-6 with TMSA in THF and EbN and Pd/Cu afforded compound 3-34 in a 

high yicld. The methoxy groups on compound 3-34 were convened to hydroxyl groups 

using BSr) in CH2Cb to obtain compound 3-35. Unfortunately, compound 3-35 showed 

very low stability at room temperature and decomposed after working up the reaction 

mixture. As a result, the next step. which is the reaction with propargyl bromide to 

achieve target compound 3-36 was not undertaken (Scheme 3-22). 

THF.Et,N 
PdIPl'h,I,C".cul 

~ 

""". 

Scheme 3-22: Synthesis of compound 3-35. 

The decomposition of compound 3-35 prevented the next step to obtain compound 3-

36. However, this problem might be circumvented by doing the next step in situ, without 

purification of unstable compound 3-35. This approach will be applied in the future work. 
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3.3.4 UV-Vis-NIR study of polymer 3-6 with SWNTs 

In order to study the effectiveness of polymer 3-6 at dispersing SWNTs in organic 

solvents, UY-Vis-NJR spectroscopic analysis was conducted on a solution of the polymer 

in an organic solvent before and after addition ofSWNTs. Polymer 3-6 was dissolved in 

CHCb and SWNTs were added and the mixture was sonicated for half an hour to obtain a 

black suspension. The mixture was filtered through a colton plug and the obtained black 

solution was examined by UY-Yis-NlR spectroscopy. Figure 3-4 shows the UY-Yis-NIR 

spectra of the polymer and polymerlSWNT mixture. If the polymer interacts with 

SWNTs and disperse into the organic solvent, the characteristic peaks (SII and Mil) will 

appear in absorption range between 500-1000 nm.'2 

This region (inset in Figure 3-4) shows the slight difference in absorbance comparing 

the sp«:tra of polymerlSWNTs mixture and pure polymer. Furthermore, the absorption 

peak of the polymer is blue-shifted after mixing with SWNTs. These observations 

indicate that polymer 3-6 interacts with SWNTs weakly. This is expected because the 

phenyl rings on the backbone of the polymer can affect only a moderate degree of It-lT 

interact ions with SWNTs. 
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-8 :~ I 
'~ - - -~-- - - -

Figure 3-4: UV-Vis-N IR spectra of polymer 3-6 (b lue line) and polymerlSWNT mixture 

(red line); inset shows the specified fed ci rcle area on the spectra. 

3.4 Conclusions 

Sonogashira cross coupling reaction has been used to synthesize some conjugated 

polymers. The low solubility of the obtained polymers and also related monomers in 

organic solvents, were the two main difficulties encountered during this project. To 

enhance the solubility of the synthesized polymers, the Sonogashira reaction conditions 

have been modified; the base was changed from DBU to milder bases such as piperidine 

and DIPEA. This modification in base was done in order to decrease the formation of 
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diyne defects during the polymerization process which make the obtained polymer less 

soluble in organic solvents. Cross-linking is another reason for the low solubility of the 

synthesized polymers, particularly in the solid state. l An endcapping reagent was used as 

part of the modification to decrease the cross-linking in the polymer. 

Another main obstacle in this project was the low solubility of the designed 

monomers for polymerization process. Pre-functionalization and post-functionalization 

methods were unsuccessful and as a result, the structures of the target polymers were 

redesigned. In the click reaction, introducing triazole groups to the structure of small 

molC1:ules brought about low solubility to the click products in organic solvents. This 

obstacle was removed by converting diiodo compounds of click products to dialkyne 

structures and as a result polymer 3-6 was successfully synthesized. Although triazole 

groups can be used as a linker, the low solubility of the obtained click products is a major 

difficulty in applying click chemistry to functiollalization of conjugated polymers. 

Designed target polymers; in which anthracene and pyrene groups had been 

incorporated in the side chain, were not obtained. The intennediate compound (3-3.5) 

decomposes at room temperature and, as a result, the next step could not be preceded. 

This problem could be solved by conducting the reaction in $ilu instead of isolating the 

unstable compound. The future work will focus on the obtaining of the target monomer to 

attach the n-rich compounds such as anthracene and pyrene to the backbone of the 

polymer and study the ability of obtained polymers to disperse SWNTs in organic 

!;()Ivents. 
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3.5 Experimental part 

All reactions were carried out under a nitrogen atmosphere unless otherwise noted. 

All chemicals were of reagent grade. Chemicals and reagents were purchased from 

commercial suppliers and used as received unless noted otherwise. THF was distilled 

from sodiumlbenzophenone. Et)N and toluene were distilled from CaH2. Palladium 

catalyst, Pd(PPh)2Ci2, was prepared from PdCb according to literature pr()(:cdures. All 

reactions were performed in standard, oven-dried glassware. Evaporation and 

concentration were performed at H20-aspirator pressure. Flash column chromatography 

was carri ed out with sil ica gel 60 (230- 400 mesh). Thin-layer chromatography (TLC) 

was carried out with silica gel 60 F254 covered on plastic sheets and visualized by UV 

light or KMn04 stain. IH and 1JC NMR spectra were measured on the Bruker Avance 500 

MHz or 300 MHz spectrometers. Chemical shifts ( 6) are reponed in parts per million 

(ppm) downfield from the signal of internal reference SiMe4. Coupling constants (J) are 

given in Hertz. Mass spectra were obtained from an Agilent 11 00 series LCMSD 

spectrometer. UV-Vis-N IR absorption spectra were recorded on an Agilent 8543 Diode 

Array Spectrophotometer interfaced with an HP computer. 

1,4-Bis(decyloxy)benzene (J-3l 2 

Hydroquinone (5.01 g, 45 mmol). KOH (6.36 g. 113 mmol), EtOH (100 mL), and 

C 10H1 1Br (25 .02 g, 113 mmol) were mixed. The resulting grey mixture was heated to 90 
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·C and refluxed for 60 h. It was then diluted with CH2Ch. washed with NH~CI, l·hO, and 

brine and dried over MgS04. It was filtered through a short si lica plug, washed with 

hexanes. The filtrate was concentrated in vacuo. The off-white solid was recrystallized 

from MeOH. The resulting colorless flakes were washed with cold MeOH to produce 3·3 

as colorless flakes (10.62 g, 27.2 mmol, 60%). IH NMR (300 MHz, CDCll): 0 6.80 (5, 

4H), 3.88 (t, J = 6.59 Hz, 41-1), 1.78-1.68 (m, 4H), 1.44-1.37 (m, 28H), 0.86 (t, J "" 6.45 

Hz, 61i); DC NMR (75 MHz. CDC h), 0 153.22. 115.41,68.69, 31.93.29.62,29.59, 

29.45,29.44, 29.35,26.09, 22.71, 14.14. 

1,4-Bis(deqloly)-2,Sdiiodobenzene (3_4)62 

A"~' 
h'F ' 

C,,.H,,O 

Compound 3-3 (8.05 g, 20.6 mmol), 12( 13. 12 g. 51.7 mmol), Hg(OAch(16.30 g, 

51.3 mmol), and CH2Ch (200 mL) were mixed and stirred for 24 h. Then it was filtered 

and washed with Na2S20J, water, brine. and dried over MgS04 • The solvent was removed 

ill vacuo. The crude product was recrystallized from EtOH to afford the product as 

colorless flakes (6.89 g, 10.7 mmol, 52%). Iii NMR (500 MHz, CDCI): 0 7.17 (s, 2H), 

3.92 (I., J = 6.44 Hz, 4H), 1.82-1.77 (m, 4H), [.52· 1.46 (m, 4H), 1.36-1.32 (m, 24H), 0.88 

(I, J '" 6.79 liz, 61-1); DC NMR (75 MHz, CDCh), 0 152.89, 122.83, 86.33, 70.40, 31.94, 

29.59.29.57,29.35,29.31,29.17,26.06,22.72, 14. [5. 
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(2,5· His( decyloxy). I ,4-phenylenebis( ethyne-2, 1-<1 iyl)bis(lr i methy lsila ne) (3_5)62 

~ TMS------Y---TMS 
c,oH"o 

Compound 3-4 (652 g, 10.2 mmol), Pd(PPh)2C12 (0.73 g, 1.04 mmol), and Cui 

(0.42 g, 2.2 mmol) were added to an oven·dried round-boUom nask containing dry 

THFfEt)N (100 mL, 1:1) under the protection ofN2. TMSA (2.54 g, 34.3 mmo!) in dry 

THF was added dropwise and the reaction mi.'((ure was stirred at room temperature 

overnight. The solvents were removed in vacuo to give the crude product, which was 

purified by silica nash chromatography using hexaneslethylacetate (3:1) to afford 

compound 3-5 as a pale pink. solid (4.51 g, 7.7 mmol, 76%). IH NMR (500 MHz, 

CDCb): 5 6.91 (s. 2H), 3.96 (t, J=o 6.36 Hz. 4H), 1.83-1.78 (m, 4H), 1.55-1.49 (m, 

4H), 1.34-1.29 (m, 24H), 0.91 (t,J - 6.80, 6H), 0.28 (s, 18H). 

1,4.His(decyloxy)_2,.5-diethylbenzene(3- 1)62 

~' 
C,oH"O 

Compound 3-5 (3.2 g, 5.5 mmol) and K2CO) (31.92 g, 23.1 mmo!) were added 10 20 

mL ofTHFlMeOH (1:1) in a round·bottom flask. and stirred for I h. The solvent was 

removed in vacuo and the residue was dissolved in CH2C12 and washed with water. The 

organic layer was dried over MgS04 and the solvent removed in vacuo to give 3-1 as a 

pale yellow solid (2.2 g, 5.0 mmol, 930/. ). IH NMR (500 MHz, CDCb): 5 6.95 (5, 2H), 
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3.97 (I, J = 6.63 Hz. 4H), 3.32 (s, 2H). 1.82-1.77 (m. 4H), 1.52-1.46 (m, 4H), 1.39·1.34 

(m, 24H), 0.90-0.87 (I, J : 6.76 Hz, 6H). 

1,4-0iiodo-2,S-d imethoxybenzene (3_6)61 

Commerdal1y available 1,4-dimethoxybenzene (2.5 g, 18 mmol), h (9.6 g, 38 

mmol), Hg(OAch (1 1.8 g, 37.1 mmol), and CI'hCb (150 mL) were mixed and the 

mixlure was stirred overnight. Then it was filtered through MgS04, washed with 

Na2S2Ch, H20, dried over MgS04 and evaporated in vacuo. The residue was 

recrystallized from EtOH (100 mL) to afford 3-6 as a color less solid (4.40 g, 11.3 mmol, 

62%). IH NMR (500 MHz, CDCb): S 7.20 (5, 2H), 3.83 (s, 6H). 

2,5-Diiodobenzene·l,4-diol (3-7/' 

To a solution of compound 3-6 (4.3 g, 11 .0 mmol) in methylene chloride (200 mL) 

under a dry ice bath was added BBrJ (3 .13 mL. 33.1 mmol). The mixture was allowed to 

warm to room temperature and stirred overn ight. The resulting mixture was cooled in an 

iee bath. Then H20 (100 mL) was added. The mixture was then filtered and washed wilh 

CH2C lz. The filtrate was extracted with CH2CI2 and the organic layer was dried over 
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MgSO. and evaporated to afford 3-7 as an ofT-white solid (3.3 g, 9.0 mmol, 82%). IH 

NMR (500 MHz, (COl)2CO): Ii 8.67 (s, 2H), 7.30 (s, 2H). 

2,5-Diiodo-l,4-phenylene bis(2-bromoacetate) (3-9) 

Compound 3-7 (2.0 g, 5.5 mmol) and 2-bromoacetic acid ( l.77g, 12.7 mmol) were 

dissolved in 80 mL of methylene chloride. DMAP (102 mg, 0.83 mmol) was added and 

stirred for 5 min. DCC (2.6 g, 12.8 mmol) was dissolved in 5 mL of methylene chloride 

and slowly added. Then the mixture was stirred at room temperature fo r 30 minutes. 

Methylene chloride was added to the formed white slurry and fi ltered to remove the by-

product, DCU (dicyclohe.'l:ylurea). The filtrate was concentrated in vacuo and purified by 

column chromatography (20% hexanesl 80% methylene chloride) to afTord 3-9 as a pale 

yellow solid (2.9 g, 4.7 mmol, 86%), IR (neat): 1762, 1447, 1391, 1342, 1257, 11 60, 

1105, 1043,930,881,803 em- I; IH NMR (500 MHz, CDCb): /) 7.58 (s, 2H), 4.11 (5, 

4H); DC NMR (75 MHz, CDCb), Ii 1645 7, 149.22, 132.36,89.34,25.03; HRMS (EI, 

+eV) mlz calcd for CIOH6Br2hO. 601.67 17, found 60[.6765 (M). 
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2,S.Diiodo-l,4.phenylene bis(Z·azidoacetate) (3·10) 

Compound 3·9 (2.5 g. 4.14 mmol) was dissolved in DMF (10 mL) and NaNl (810 

mg, 12.8 mmol) was added and the mixture was stirred overnight at room temperature. 

To the reaction mixture were added eold water (10 mL) and then methylene chloride (15 

mL). The organic layer was washed with water and brine and dried over MgS04• The 

solvent was evaporated in vacuo to furnish 3·10 as a colorless solid (1.814 g, 3.44 mmol, 

83%). IR (neat): 2103. 1751, 1453, 1345, 1271, 1154, 1047,936,876,790,742 em- I; IH 

NMR (500 MHz, CDCIl): 0 7.61 (s, 2H), 4.21 (s. 4H). IlC NMR (75 MHz, CDCh), 0 

165.84, 149.08, 132.51, 89.46, 50.61; HRMS (EI, +eY) mlz calcd for CloH6hN604 

527.8534, found 527.8539. 

2,5-Diiodo-l ,4.pbenylenebis(2·( 4.p henyl.1 H·1 ,2,3.triazol.l.yl)aeetate) (3.Z) 

Phenylacelylene (93 mg, 0.909 mmol) was dissolved in dry THF (20 mL) and then 

Cui (11 mg, 0.058 mmol) and DJPEA (6 mg, 0.049 mmol) were added. Compound )·10 
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(200 mg, 0.379 mmol) was dissolved in THF (5 ml) and added slowly to the reaction 

mixture and the mixture was stirred overnight at room temperature. The formed slurry 

was filtered and washed with ethyl acetate, saId. NH. CI, water and hexanes and dried 

under vacuum to afford 3-2 as a colorless powder (202 mg, 0.277 mmol, 73%). IH NMR 

(500 MHz, DMSO-d6): S 8.65 (5, 2H), 7.94 (5, 2H), 7.89 (d,J'" 7.39 Hz. 4H). 7.47 (t,J '" 

7.56 Hz, 4H), 7.37 (t,J= 7.37 Hz, 2H), 5.82 (5, 4H). 

Polymer 3-4 

Compound 3-1 (55 mg, 0.12 mmol), compound 3-9 (66 mg, O.I! mmol), 

Pd(PPhJhCb (1.5 mg, O.ot mmol), and Cu i (5 mg, 0.03 mmol) were dissolved in dry 

toluene (50 mL). Ten drops of DBU were then added and Ihe contents were heated up to 

60 gC. The reaction mixture was stirred for 24 h at this temperature and then cooled to 

room temperature. The solvent was evaporated ofT under vacuum and the residual solid 

mass was dissolved in CHCh and washed sequentially with 1% HCI and saId. NH.CI 

solution to give a deep-red organic layer, which was concentrated to dryness. The solid 

was redissolved in CHell and the polymer 3-4 was precipitated out ofMeOH as a deep-

red solid (85 mg, D.1I mmol, 85%). IH NMR (500 MHz, CDC1]): 0 7.76 (m, 18H), 7.37 

(m, 42H), 6.95 (m, 8H), 4.37 (m, 41-1), 3.97 (m, 32H), 1.81 (5, 32H), 1.27 (m. 2D4H). 0.89 

(m,48H). 
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Carbon tetrabromide (20.5 g, 61.8 mmol) was slowly added in smal1 portions to a 

solution of l,4.bis(2.hydroxyethoxy)bcnzene (3.1 g, 15 mmol) and triphenylphosphine 

(16.1 g, 61.4 mmol) in 100 mL of dry acetonitrile at 0 °C with stirring, fol1owed by 

al10wing the reaction mixture to wann to room temperature. The resulting clear solution 

was stirred for another 4 h. Then 70 mL of cold water was added to the reaction, 

whereupon product 3-11 was precipitated as a colorless solid. The producl was col1ecled 

by vacuum filtration and thoroughly washed wilh melhanol/waler 60:40, and then 

recrystallized from methanol. Colorless nake-like crystals of 3-11 were col1eclcd after 

drying under vacuum (3.9 g. 12.0 mmol, 77"10). ' H NMR (500 MHz, CDCll): Ii 6.86 (s. 

2H), 4,25 (I, J= 6.30 Hz, 4H), 3.61 (I, J"" 6.30 Hz, 4H); I)C NMR (75 MHz, CDCb). Ii 

152.84,1\6.\0,68.73.29.28. 

2,S-Diiodo-l ,4-bis(2-bromoethoJ.y)benzene (3_ 12)6) 

Compound 3-11 (3.0 g, 9.3 mmol), 12 (9. 165 g, 36. 1 mmol), Hg(OAch(l l.4 g, 35.6 

mmol), and CH1Cb( 150 mL) were mixed and the mixture was slirred overnight. Then il 

was fillered Ihrough MgS04, washed with Na2S,O), H20, dried over MgSO" and 
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evaporated in vacuo. The residue was recrystallized from EIOH (70 mL) to afTord 3-12 as 

a colorless solid (16.5 g, 28.6 mmol, 56%). IH NMR (500 MHz, CDCb): oS 7.22 (s, 2H), 

4.27 (I, J '" 6.33 Hz, 4H), 3.66 (t, J = 6.29 Hz, 4H). I1C NMR (75 MHz, CDCIl), oS 

152.78,123.91,86.64,70.34,28.52. 

Polymer 3.!'; 

.( 
oc,.tt" oc,oH" 0 oc,,,",, 

TMS TMS 

C,,,",,O C,o/"I"O (, C,,,",,O 

""lymerl-6 B, 

Compound 3-1 (55 mg, 0.12 mmol), compound 3-12 (63 mg, 0.11 mmol), compound 

3-13 (6.5 mg, 0.0 12 mmol) as endcapping reagent, Pd(PPh3nCh (1.5 mg, 0.01 mmol), 

and Cui (6 mg, 0.03 mmol) were dissolved in dry toluene/piperidine (5:3, 40 mL). The 

flask was purged with Nl twice and cooled to ·78 °c. The content was heated up to 60 

°C. The reaction mixlure was stirred for 5 h at this temperature and then cooled to room 

temperature. The solvent was evaporated ofT under vacuum and the residual solid mass 

was dissolved in CH2Cl2 and washed sequentially with 1% HCI and saId. NH 4Cl solution 

to give a deep-red organic layer, which was concentrated to dryness and dissolved ag!!in 

in CH1CIZ and precipitated out of MeOH to yield polymer 3-5 (80 mg, 0. 1 mmol) as a 

deep-yellow solid. IH NMR (500 MHz. CDCh): oS 7.04 (m, 2H), 7.01 (m, 2H), 4.19 (m, 

4H), 4.04 (m, 4H), 2.86 (m, 4H), 1.87 (m, 4H), 1.51 (m, 6H), 1.25 (m, 32H), 0.87 (m, 

SH), 0.27 (m, IH); DC NMR (300 MHz, CDCb), Ii 153.50, 1S3.45, 117,33, 117.23, 
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114.41, 114.35, 114.26, 69.71, 68.04, 57.93, 55.20, 31.93, 29.70, 29.63, 29.45, 29.37, 

26.10,26.00,24.23,14.13. 

t ,4-His( d«)' IOly)-2-iooo-5-(t rimet hylsi Iylcthynyl)bcnzene (3- t 3)62 

A mixture of [,4-bis(decyloxy)-2,5-diiodobenzene (3-4) (2.02 g, 3.15 mmol), 

Pd(PPhl hC12 (88.0 mg, 0.12 mmol), and Cui (60.0 mg, 0.3 [ mmol) were added in 50 mL 

of dry TH F/EtJN (1:1). Then a solution ofTMSA (216 mg, 2.20 mmol) in dry THF (5 

mL) was added dropwise. The reaction mixture was then stirred at room temperature for 

24 h. The solvent was removed under vacuum and the resulting solid mass was dissolved 

in CH2Cb and washed with H20. The organic layer was dried over MgS04, filtered and 

finally column chromatographecl (hexaneslCH2Cb, 10:[) to afford compound 3-13 (790 

mg, 1.29 mmo[, 4[%) as a co[orless liquid. IH NMR (500 MHz, CDCb): 0 7.25 (s, I H), 

6.83 (s, [H), 3.95 -3.92 (m, 4H), 1.82-1.75 (m, 4H), 1.52-1.46 (m, 4H), 1.32-1.27 (m, 

24H), 0.88 (t, J '" 6.57, 6H); IlC NMR (75 MHz, CDCb), Ii 154.93, 151.74, 123.87, 

116.34,113.46,100.83,99.47,87.95,70. 14,69.83,31.97, 31.94, 29.69, 29.64, 29.62, 

29.60,29.47,29.38,29.35,29.22,26.15,26. 11,26.05, 22.74, [4.[ 7,0.00. 
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1,4-Bis(2-azidocthoxy)-2,S-diiodobenzene (3- 14) 

Compound 3-12 (3.5 g, 6.1 mmol) was dissolved in DMF (5 mL) and then NaN] (2.1 

g, 32.1 mmol) was added. The reaction mixture was allowed to sti r at room tempcr8ture 

overnight. To the reaction mixture were added cold water (5 mL) and then 

dichloromethane (I 5 mL). The organic layer was washed with water and brine and dried 

over MgS04. The solvent was evaporated in vacuo to furnish 3·14 as colorless needle-

like crystals (2.6 g, 5 mmol, 87%). IR (neat): 2107,1484,1442,1346,1298, 1209,1054, 

926,843, 762 cm~l; IH NMR (300 MHz, CDCIJ): 0 7.23 (s, 2H), 4.10 (t, J = 4.90 Hz, 

4H), 3.64 (t,J= 4.99, 4H); DC NMR (75 MHz, CDCb), 0153.02,123.21,86. 14,69.05, 

50.29; HRMS (EI, +eY) mlz calcd for CIOHI011N602 499.8949, found 499.8951 (M+). 

2,S-Diiodo-l,4-bis(2-(4-phcnyl- lH-t ,2.3-friazol- l -yl)ethoxy)benzcne (3-IS) 

(',::r~ 

,"~9-' P~-4v;...J 

I'henylacetylene (99 mg, 0.98 mmol) was dissolved in dry THF (10m L) and CuI (10 

mg, 0.05 mmoJ), and DIPEA (8 mg, 0.06 mmol) were added to the mixture. Compound 
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3-14 (200 mg, 0.4 mmol) was dissolved in THF (2 mL) and added to the reaction mixture 

dropwise. The react ion mixture was stirred in 50 °C fo r 24 h. The white slurry was 

filtered and the residue was washed with ethyl acetate, satd. NH.CI, water and he.llanes 

and dried under vacuum to afford a pale yellow fine powder (285 mg, 0.39 mmol, 73%). 

(2,5-bis(2-brom aethoxy)-1,4-phenylene)bis(ethyne-2,I-diyl)bis(trimethylsilane) (3-

16) 

8r"'0 

"TMS~TMS 
\......./ 3-11 

A mixture of 3-12 (800 mg. 1.39 mmol), Pd(PPh)2Cb (20 mg, 0.02 mmol), and Cu I 

(26 mg, 0.14 mmol) were added in 15 mL of dry THFlEt3N ( 1:1). To this constantly 

stirred mixture was then dropwise added a solution ofTMSA (408 mg, 4.17 mmol) in 

THF (2 mL) and st irred at room temperature for 24 h. The solvent was removed and the 

resulting solid mass was dissolved in CI'hCb and washed wilh H20. The organic layer 

was then dried over MgSO •• filte red and finally column chromalographed (hexanesiethyl 

acetate 6: I) 10 give compound 3-16 as nn off-white so lid (613 mg, 1.1 9 mmol, 86%). IR 

(neat): 2956, 2150, 1499, 1396, 12 11, 1072, 1025, 902, 840, 756 cm- I; IH NMR (300 

MHz, CDCIl): 05 6.93 (s, 2H), 4.28 (I, J = 6.46 Hz, 4H), 3.63 (I, J= 6.49 Hz, 4H), 0.26 (s, 

18H); DC NMR (75 MHz, CDCb), Ii 153 .75, 118.90, 115.02, 101.54, 100.15,69.80, 

28.83,0.00; HRMS (EI, +eV) mit calcd for C22H)2Brl 02Sb 513.9995, found 513.9995 

(M'). 
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2,S. Dis(2.azidoetholy).1 ,4· phenylene )bis( ethyne--2,I ·diyJ)bis( trimethylsila ne) (3.1 7) 

Compound 3· 16 (600 mg, 1.36 mmo!) was dissolved in DMF (10 ml) and NaN) 

(486 mg, 7.49 mmo[) was added. The reaction mixture was a[lowed to stir at 40 °C 

overn ight. To the reaction mixture were added cold water (5 ml) and dichloromethane 

(15 ml ). The organic layer was washed with water and brine and dried over MgS04 • The 

solvent was evaporated in vacuo to furn ish 3·1 7 as color[ess needle·[ike crystals (533 mg, 

1.21 mmo[, 89%). JR (neat): 2957, 2153, 2 [ [2, 1498, 1396, 1307, 1213, 1062, [010,939, 

870,833,758,696 em- I; 'H NMR (300 MHz, CDCb): li 6.94 (5, 21-1), 4.[4 (I, J = 4.88 

Hz, 4H), 3.60 (I, J - 4.88 Hz, 41-1 ), 0.25 (5. [8H). 1Jc NMR (75 MHz, CDCIl), Ii 153.73, 

118. 13, 114 .59, 101.39, [00.22,68.73,50.50, 0.00; HRMS (E I. +eV) m/z calcd fo r 

C1OH2!N6~S i2 440.1812, found 440.18 16 (M+). 

I ,I '-(2,2'·(2,5. bis( (trimethylsilyl)efhynyl)·1 ,4-phenylene )bis( oxy)bis( etha ne--2, I· 

diyl»bis(4·phenyJ.1 H· I ,2,J.triazole) (3·18) 
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Phenylacetylene (255 mg, 2.50 mmol) was dissolved in dry THF (15 mL), and Cu i 

(28 mg, 0. 15 mmol) and OJ PEA (2 1 mg, 0. 16 mmol) were added to the mixture. 

Compound 3-17 (500 mg, 1.13 mmol) was dissolved in THF (5 mL) and added to the 

reaction mixture dropwise. The reaction mixture st irred in 50 °c for 24 h. The white 

slurry was filtered and the residue was washed with ethyl acetate. The filtrate was washed 

with saturated NH4C1, water and brine and dried under vacuum. The obtained solid was 

washed wi th hexanes, decanted and dried in vacuo to afford compound 3-18 as a pale 

yellow fi ne powder (670 mg, 1.04 mmol, 92%). JR (neat): 2961. 2142, 1498, 1402, 1260, 

1214,1023,932. 864.797.756,691 em-I; IH NM R (300 MHz, COlCI2): 1\8.13 (5. 2H). 

7.74 (d, J = 7.78 Hz, 4H), 7.33 (t, J = 7.39 Hz, 41-1), 7.24 (t, J~ 7.49 Hz, 2H), 6.83 (5, 

2H), 4.75 (t, J = 4.76 Hz, 4H), 4.28 (t, J = 4.77 Hz, 4H), 0.15 (5, 18H); Ilc NM R (75 

MHz, C02CI2), 1\ 153.65, 148. 18, 131.30, 129.21, 128.46, 126.13, 12 1.60, 117.93, 

114.58, 101.88, 100.76, 68.39, 50.27. 1.21; HRMS (EI, +eV) mil caled for 

C:;(;H40N60:2Sb 644.275 1, found 644.2753 (M). 

I , I '-(2,2' -(2,S-diethynyl-1 ,4-phenylene )bis( oly)bis( ethane-2, I-diyJ» bis( 4-phenyl-I H-

1,2,3-triazole) (3- 19) 
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Compound 3·18 (600 mg, 0.93 mmol) and K2COJ(629 mg, 4.56 mmol) were added 

to 15 mL ofTHFlMeOH (1:1) in a round·bottom flask and stirred for 0.5 h. The solvent 

was removed in vacuo and the residue was dissolved in ethylacetate and washed wi th 

water. The organic layer was dried over MgS04 and the solvent was removed in vacuo to 

give 3·19 as a pale yellow solid (433 mg, 0.86 mmol, 93%). JR (neat): 3290, [666, 1565, 

[496, 1396, 1353, 1269, 1224, 1156, 104), 925, 869, 803, 759, 698 cm·l : IH NMR (300 

MHz, C!ACb): 0 8.14 (s, 2H), 7.74 (d,}'" 7.14 Hz, 4H), 7.34 (t,) = 7.03 Hz, 4H), 7.24 

(t,) '" 7.22 Hz, 2H), 6.88 (s, 2H), 4.74 (t, ) = 4.74 Hz, 4H), 4.27 (t,) '" 4.97 Hz, 4H). 

3.38 (s, 2H); DC NMR (75 MHz, C!ACb), 0 153.89. 147.93, 131.30, 129.23. 128.39, 

125.89, 122.04, 118.17, [13.90, 83.78, 79.57, 68.34, 50.09: HRMS (EI, +eV) mlz calcd 

for C:IOH24N~02 500.1955, found 500.1958 (M'). 

Polymer 3...6 

Compound 3·4 (70 mg, 0.11 mmol), compound 3·19 (60 mg, 0.12 mmol), compound 

3·13 (6.5 mg, 0.012 mmol) as endcapping reagent, Pd(PPhJhCb (1.5 mg, 0.01 mmol), 

and Cui (6 mg. 0.03 mmoJ) were dissolved in dry THF/piperidine (5:3, 40 mt). The flask 
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was purged with N2 twice and cooled to -78 ·C. The content was heated up to 60 cC. The 

reaction mixture was stirred for 24 h at th is temperature and then cooled to room 

temperature. The solvent was evaporated otT under vacuum and the residual solid mass 

was dissolved in CH2Cb and washed sequentially with 1% HCI and satd. NH~CI solution 

to give a deep-red organic layer. which was concentrated to dryness and dissolved again 

in CH2Ch and precipitated out of MeOH to yield polymer 3-6 (69 mg, 0.08 mmol, 65%) 

as a decp-yellowsolid. IR (neat): 2921, 2851,1562,1498,1459,1423,1369.1269, 1210, 

1040,920,857,761,693 cm- I; IH NMR (300 MHz, C02CI2): 0 8.34 (m, 2H), 7.79 (m, 

2H), 4.77 (m, 4H), 4.33 (m, 4H), 3.86 (m, 6H), 1.68 (m, 91-1), 1.13 (m, 42H), 0.76 (m, 

12H), 0.19 (m, IH); DC NMR (75 MHz, C02Cb), 0148.03, 147.98, I 29.oJ , 128,15, 

126.07, 125.77, 125.74, 125.72, 122.29, 122.24,70.32,70.06, 50.17,32.34,32.29,30.03, 

29.99,29.74,29.73,26.50,23.11,23.08,14.30. 

(Anlbracene-9-ylelbynyl)t ri metbylsilane (3-20r 

A mixture of 9-bromoanthracene (400 mg, 1.55 mmol), Pd(PPhJhCI2 (II mg, 0.01 

mmol), and CuI (3 mg, 0.01 mmol) were added in 20 mL of dry THFlEtJN (I: I). To this 

constantly stirred mixture was then dropwise added a solution ofTMSA (471 mg, 4.80 

mmol) in THF (2 ml) and stirred at 65 'c for 12 h. The solvent was removed and the 

resulting solid mass was dissolved in CH,Ch and washed with H20 and brine. The 

organic layer was then dried over MgS04, filtered and finally column chromatographed 
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(CH l Clihexanes 1 :5) to give compound 3-20 as an orange solid (302 mg, 1.08 mmol, 

70%), IH NMR (500 MHz, CDCb): 0 8.59-8.57 (d, J = 8.67 Hz, 2H), 8.45 (s, 1 H), 8.03-

8.02 (d, J '" 8.08 Hz, 2H), 7.62-7.59 (m, 2H), 7.54·7.5 [ (m, 2H), 0.45 (s, 9H); DC NMR 

(75 MHz, CDCh), 0 132.62, 130.79, 128.36, [27.6[, 126.50, 125.37, [16.84, 105.93, 

101.26,30.66,0.00. 

9-Ethynylanthracene (3-21r 

Compound 3-20 (SO mg, 0.18 mmol) and K2COJ(100 mg, 0.72 mmol) were added to 

5 mL ofTHFlMeOH (1: 1) in a round-bottom tlask and stirred at room temperature for 

0.5 h. The solvent was removed in vacuo and the residue was dissolved in CH2Cb and 

washed with water. The organic layer was dried over MgS04 and the solvent was 

removed in vacuo to give 3-21 as a dark powder (33 mg, 0.16 mmo[, 93%). IH NMR 

(300 MHz. CDCb): oS 8.59·8.56 (d, J "" 8.73 Hz, 2H), 8.46 (s, IH), 8.03-8.00 (d, 1 - 7.79 

Hz, 2H), 7.62-7.56 (m, 2H), 7.53-7.48 (m, 2H), 3.99 (s, [H): IJC NMR (75 MHz, 

CDChl,S 133.[7, 131.03, [28.67, [28.24.126.84, [26.56, 125.69, 116.02,88.[9,80.13. 

I.Bromopyrcne(3.22)70 
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Pyrene (I g,5 mmo!) was added to a mixture of MeOH/diethyl ether (40 mL, 1:1) 

and hydrobromic acid (440 mg, 48% aq, 5.4 mmol). Hydrogen peroxide (168 mg, 50 % 

wt aq, 4.94 mmol) was slowly added over a period of 15 min at 15 °C and stirred at room 

temperature for 12 h. The mixture was extracted with CH2Cband washed with NaOH (1 

M aq), water and brine. The organic layer was dried over MgS04, fi Itered and the solvent 

removed under vacuum. The residue was column chromatographed with hexanes to 

alTord a mixture of compound J-22 and pyrene as a yellow solid. 

2-Methyl-4-(pyren-l-yl)but-J-yn-2.o1 (3_24)11 

,·u 
Compound 3·22 (1.05 g, 3.74 mmol) was dissolved in piperidine (25 mL) and 2-

methylbut-3 yn-2-o1 (942 mg, 1l.21 mmol), Pd(PPh1hCb (260 mg, 0.37 mmol), and Cu i 

(145 mg, 0.76 mmol) were added and the mixture was st irred at 80 °C overnight. The 

solvent was rotavapped and the mixture was redissolved in ethyl acetate and washed with 

satd. NaHC01, water and brine. The residue was column chromatographed with (ethyl 

acetateJhexanes 1:5) to afford compound 3-24 (478 mg, 1.68 mmol, 45%) as an orange 

solid. IH NMR (300 MHz, CDCIl): 0 8.51 (d, J = 9.12 Hz, 1 H), 8.21-7.98 (m, 8t1), 2.26 

(5, 11-1), 1.80 (s, 6H); IlC NMR (75 MHz, CDCIl), 0131.93,131.26,131.23,131.03, 

129.66,1 28.35,128.15,127.23,126.23, 125.62, 125.58, 125.35, 124.42, [24.29. [11.20, 

99.48,81.27,66. 10,3[.19. 
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I-Elhynylpyrene (3_25)11 

W" , , 

" '·25 

Compound ),24 (342 mg, 1.20 mmo[) was suspended in toluene ([5 mL) and KOH 

(673 mg, [2.03 mmo[) lind refluxed for 1 h. The solvent was distilled off under vacuum 

lind the residue redissolved in ObCb. washed with HCI (1% aq), water and brine. The 

product 3-25 (149 mg, 0.66 mmol, 55%) was obtained after column chromatography with 

(ethyilicetatelhexanes 3:5) as a yellow solid . IH NMR (300 MHz, CDCh): oS 8.6 1-8.5 [ (d, 

J = 9.14, [H). 8.24-8.01 (m. 8H). 3.62 (s, [H); IlC NMR (75 MHz., CDC[l), oS 132.50, 

131.60,131.18,130.99,130.[6,128.56, [27.19, [26.29, 125.74. 125.69, [25.31. 124.38, 

124.2[, [ 16.51,82.74,82.60. 

1,4-Bis(2-bromoethoxy)-2,5-diethynylbenzene (3-26) 

Compound 3-16 (152 mg, 0.29 mmo[) and K.CO l (243 mg, 1.76 mmo[) were added 

to 10 mL ofTHFlMeOH (1:1) in a round-bottomed flask and stirred at room temperature 

for 0.5 h. The solvent was removed in vacuo and the residue was dissolved in CH2C1. and 

washed with water. The organic layer was dried over MgSO. and the solvent removed in 

vacuo to give 3-26 as a pale pink solid (108 mg, 0.29 mmol, 100%). lR (neat): 3258, 
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1492, 1275, 1216, 1071, 1013,966,897,856 em- I; IH NMR (300 MHz, COCb): Ii 7.00 

(s, 2H), 4.31 (t,J=6.50 Hz, 4H), 3.65 (t,J= 6.70, 4H), 3.38 (s, 2H); IlC NMR (75 MHz, 

COCIl).1i 153.66, 119.08, 114.20,83.45,78.95,69. 73,28.52; HRMS (EI, +eV)m/z calcd 

Compound 3-27 

Compound 3-26 (82 mg, 0.22 mmol), Pd(PPh3hCI2 (15 mg, 0.03 mmo]), and CuI (19 

mg, O. I mmol) in 10 mL or dry THF/EIJN (I: 1) al 0 °C were added 10 a 100 mL round· 

bottomed flask. To this constantly sti rred mixture, a solution or 1,4·bis(decyloxy)-2,5. 

bis(clhynyl)benzene (compound 3-13) (309 mg, 0.51 mmo!) in EIJN (5 mL) was added 

dropwise ror 0.5 h. The reaclion mixture was then stirred at room temperature ror [2 h 

and the solvent was remo\'ed under vacuum. The resulting solid mass was dissolved in 

CH~Cl2 and washed with aq. HCI (1%), water and brine. The organic layer was dried over 

MgS04, filtered and solvent was removed 10 dryness and finally column 

ehromalographed (hexaneslCI'hCI;, 4:1) to yield compound 3-27 (133 mg, 0.10 mmol, 

45%) as a deep-yellow solid. [R (neat): 2918, 2848, 2153, 150 1, 1384, 1275, 1214, 1023, 

905,849,758 em- \ IH NMR (300 MHz, CDCb): Ii 7.04 (s, 2H), 7.00 (s, 21-1), 6.94 (s, 

2H), 4.39-4,35 (t, J = 13.11, 4H), 4.03·3 .96 (m, SH), 3.69·3.65 (t, J .. 13.10, 4H). 1.88-

1.76 (m, SH), 1.54·1.44 (m, 8H), 1.27-1.26 (m, 48H), 0.90·0.S5 (m, 12H), 0.26 (s, 18H); 
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IJC NMR (75 MHz,CDCh): 05 154.19,153.38,153.25.118.99.117.26,117.12,115.33. 

114.09,113.94,101.13,100.39,92.49,90.48,70.00.69.62, 69.54, 31.93, 30.96, 29.69, 

29.64,29.49,29.44,29.37,29.33,28.93,26.09,25.97, 22.72,14.15,0.00; MALDI-TOF 

MS (dithranol as the matrix) mlz ealed for C16HII6Br<06Sil 1338.6672, found 1338.6706 

(Mf. 

Compound 3-28 

" OC,.H., N, ° OC ,oH .. 

T"'S~T"'S 
C,,,M,,O o,----,N,e,oH.,o 

3·21 

Compound 3-27 (99 mg, 0.07 mmo1) was dissolved in a mixture ofDMFIH20 (10 

mL) and NaNl (29 mg, 0.44 mmol) was then added. The mixture was stirred at 40 °C for 

12 h. The solvent removed in vacuo and redissolved in C!-I, Chand the organic layer was 

washed with HID and brine and dried over MgSO~. The solvent was removed in vacuo to 

afford compound 3-28 (77 mg, 0.06 mmol, 87%) as a yellow solid. [R (neat): 2917. 2848, 

2[52,2097, [503, 1464, 1383, 1274, 1215, 1035,899,849,755 em- I; ' H NMR (300 

MHz, CDC b): 0 7.04 (5, 2H), 6.99 (s, 2H), 6.93 (s, 2H), 4.23-4.20 (t, J = 10.10, 4H), 

4.02-3.94 (m, 8H), 3.65-3.61 (I, J = 10.0, 4H), 1.S1-1.44 (m, 8H), 1.S4-1.44 (m, 8H), 

1.27- 1.25 (m, 48B), 0.90-0.84 (m, 12H), 0.26 (5, 18H); 11C NMR (75 MHz, CDCh), 0 

154.20,153.43,153.23,118.21,117.20, 117.04, 114.84, 114.04, 113.93, 101.19, 100.26. 

92.29,90.57,69.56,69.44,68.85,50.42, 31.92, 29.68, 29.64, 29.62.29.49,29.4),29.39, 

29.37,29.33,26.08,22.70, 14. 14,0.00; MALDI-TOF MS (dithranol as the matrix) mlz 

calcd for C7(,H' 16N60 6Si, 1264.8489, found 1264.8539 (Mt. 
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1,4.Bis(prop-2.ynyloxy)benzene (3.30)72 

Hydroquinone (1.00 g, 9.09 mmol) was dissolved in DMF (IS mL) and K2COJ (3.01 

g, 21.8 mmol) was added and stirred at room temperature for 0.5 h. Propargyl bromide 

(2.38 g, 20 mmol) was added and the resulting mixture was stirred a! 70°C for 48 h. The 

reaction mixture cooled to room temperature and then ethyl acetate was added. The 

organic layer was washed with water and brine and dried over MgS04 • Column 

chromatography using hexanes as eluent afforded compound 3-30 (1.369 g, 7.363 mmal. 

81%) as a yellow solid. 1]1 NMR (300 MHz, CDCb): & 6.93 (s, 4H), 4.65 (d, J= 2.39 Hz, 

4H), 2.51 (t, J = 2.39 Hz, 4H); DC NM R (75 MHz, CDCIl), & 152.43, 116.05.78.80, 

75.41,56.5]' 

1,4-Uis«I-(anthraccn-9-ylmclhyl)-IH-l,2,3-triazol.4.yl)methyl)benzene (3-32) 

Compound 3-30 (20 mg, 0.11 mmal), 9-(azidomethyl)anthracene (52 mg, 0.22 

mmol) were dissolved in THF (20 mL) and then Cui (5 mg, O.oJ mmol) and DIPEA (5 

mg, 0.04 mmol) were added 10 the mixture. After stirring the mixture at 45°C for 24 h, 

Ihe slurry filtered and the precipitation was washed with NH4CI (satd.), CH2CI2, water 
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and brine. The residue was dried under vacuum to afford compound 3-32 (67 mg, 0.10 

mmol, 91%) as a yellow solid. IR (neat): 1505, 1220, 10 13,730 em- I; 'H NM R (300 

MHz, DMSO-d6): 0 8.74 (5. 2H), 8.61 (d, J.: 8.62 Hz, 4H), 8.17 (d, J .: 8. 14 Hz. 4H). 

8.02 (5, 2H), 7.67-7.55 (m, 8H), 6.80 (5, 4H), 6.65 (s, 41'1), 4.91 (s,4H). 

(2 ,S-Dimel hoxy-l ,4-phenylene )bi5( efh yne-2, I -d iyl)bi5(frimethyI5i lane) (3_34)12 

~'"' 

TMS~ft 

A mixture of compound 3-6 (800 mg, 2 mmol), Pd(PPh)hCI2 (14 mg, 0.Q2 mmol), 

and CuI (78 mg, 0.41 mmol) were added in 15 mL of dry THFiEt}N (1: 1). To this 

constantly stirred mixture was then dropwisc added a solution of TMSA (823 mg, 8.40 

mmo!) in THF (2 mL) and stirred at 50 °c for 12 h. The solven! was removed and the 

resulting solid mass was dissolved in ethyl acetate and washed with H20 and brine. The 

organic layer was then dried over MgS04, filtered and finally column chromatographed 

(hexaneslethyl acetate 5:1) to give compound 3-34 as an off-white solid (617 mg, 1.86 

mmol, 91%). 11-1 NMR (300 MHz,CDCb): 06.93 (5, 2H), 3.86(s. 6H), 0.29 (5, 18H); IlC 

NMR (75 MHz, CDCb), 0 154.16, 116.19. 113.41, 100.81, 100.43,56.43,0.00. 
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Chapter 4 

Conclusions and Future Work 

The research presented in this dissertation is focused on the rational design, 

synthesis, and evaluation of conjugated polymers as fluorescent "turn-on" chemosensors 

and carbon nanotube (CNT) dispersants. "Click chemistry" has been exploited as an 

efficient and modular method to functionalize the conjugated polymers. 

The efficiency of click chemistry in making polymer chemosensors has been 

demonstrated by the high sensitivity and selectivity of synthesized polymers in detecting 

metal ions. These polymers exhibit satisfactorily large fluorescence enhancement upon 

titration with metal ions compared to other reported polymer sensors in the literature. To 

better understand chemosensory systems involving click-functionalized conjugated 

polymers, detailed photophysical mechanisms need to be established and this work is 

currently ongoing in collaboration with Prof. David W. Thompson's group at Memorial 

University. At the moment, it is tentatively proposed that an internal charge transfer 

(ICT) mechanism dominates the sensor behavior instead of the photo-induced electron 

transfer (PET) mechanism, which already has been frequently adopted in the literature for 

explanation of tum -on systems based on conjugated polymers (Chapter 2). It should be 

noted that even though the PET mechanism has been widely used for design and 

rationalization, most of the reports did not provide conclusive evidence for its occurrence. 
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In this light, future work on mechanist ic studies should lead to a significant progress in 

terms of fundamental understanding. 

The ability of one o f the synthesized polymers to detect harmful metal ions such as 

Cd2+ in aqueous solutions is wonh some remarks. Development of this kind of polymer 

sensorsean find practical use in industry and environmental science. The future work will 

focus on designing analogues of synthesized conjugated polymers employing click 

chemistry to show better sensor performance. 

Although the click chemistry is efficient in preparation of chemosensors, a major 

setback should not be overlooked; that is, the click product suffers from low solubility in 

organic solvents (Chapter 3). The low solubility hinders the functionalization of 

conjugated polymers with various groups. In the case of developing effective 

functionalized polymers as CNT-dispersants, the target polymers in Chapter 3 were 

redesigned to circumvent this problem. Once the solubility problem is overcome, the 

future work will focus on the functionalizing of conjugated polymers with It-rich moieties 

such as anthracene and pyrene which can provide efficient It-It interactions with CNTs to 

disperse them in organic solvents. The ultimate goal wi ll be aimed at finding suitable 

polymer dispersants to selectively disperse CNTs according 10 size, electronic type, and 

chirality. 
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Appendix 2-1 

Steady State Measurements 

UV-Visible spectra were recorded on an Agilen! 8543 Diode AlTay 

Spectrophotometer interfaced to an HP computer. Data manipulations were conducted 

using software supplied by the manufacturer. Spectroscopic experiments were conducted 

using Icm sealed quartz fluorescencecuvettessupplied by Aldrich. 

Emission spectra were measured on Photon Technology International (PTI) 

Quantamaster 6000 spectrofluorometer equipped with a continuous xenon arc lamp as the 

excitation source, The emitting light was collected at 90° to the excitation beam and 

detected by a Hammamatsu R-928 photomultiplier tube (PMT) in photon counting mode. 

The PMT was housed in a water-cooled PMT housing supplied by Products for Research 

Inc. All em ission spectra were corrected for instrumental light loss using correction 

factors supplied by PTI. 

Reagents 

De-ionized water was obtained from a SybronIBamstead apparatus. Spectral grade 

THF and DMSO solvents (Sigma Aldrich> 99% pure) were used as received. Titrations 

were performed by using trinate salts o f cOlTesponding analyte (unless otherwise noted) 

purchased from sigma Aldrich in 99% purity and used as received. Trifluoroacetic acid 

(TFA) was used in the titration as a source of H' was purchased from sigma Aldrich in 

99% purity. 
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T itra tions 

Fixed molar solutions of Irina le/perchlorate sa lts in THF andlor HID were 

prepared by gravimetric methods. Concentrated solution of the tfinate and perchlorate 

salts in THF andlor H20 were injected into the cuvette containing sensor to acquire the 

emission and absorption spectra. Addition o f aliquots of metal salts resulted spectral 

changes in absorption and emission spectra assigned 10 the reactions, sequential binding 

reactions of polymer under investigation with cations. 

Emission quantum yields were measured in N2 saturated THF and l-hO solutions at 

295 ± 3 K. The absorbance of the samples < 0.5 at the excitation wavelength, 4xc " 350 

nm to prevent distonion of the emission spectral data by inner-filter effects. The 

radiative quantum yields for all compounds (4",) were detennined using quinine 

bisulfllle in 0.1 M aqueous sulfuric acid solution liS the actinomcter(l,Id " 0.521114.. -

350 nm)and calculated using equationS- I . 

[S-I] 

Where A is a solution absorbance, I the emission intensity, n the refraction index of the 

solvent and the subscripts un and sid refer to the unknown and slandard respectively. 

T itration of PPE- l with va rious metal calions 
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(A) (8) 

(C) 
Fig-SI: Showing absorption (A) and emission (B) of PPE-I obtained simultaneously as a 

function of increasing aliquots ofSa(OTf)2 in the following manner in THF at 298 ± 2 K. 

0,0,1.0 x 10"., 2.0 x 10"',3.66 x 10"',5.33 x 10"',8.0 x 10-4, !.I3 x 10"1, 1.60)( lO"J(All 

in M). [Ba(OTf)ll = 0.1 M; l.~ = 380 nm. The arrows indicate the direction of response 

after addition of analyte. (C) shows the Stem .. Volmer plol calculated from emission 

tilrationat475nm. 
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(C) 
Fig-S2: Showing absorption (A) and emission (8) ofPPE· ] obtained simultaneously as a 

function of increasing aliquots of Cd(C[O~h in the following manner in THF at 298 ± 2 

K. 0.0, 3.33 >( 10.6, 1.0 " 10's, 3.0" 10,1,9.0 >( 10", 4.33 x 10",6.33" to'!. [Cd(CI04nJ 

- 0.01 M; A..~ - 380 nm. The arrows indicate the directio n of response after addition of 

analyte. (C) shows the Stern - Volmer plOI calculated from emission titration at 475 nm. 
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Fig-S3: Showing absorption (A) and emission (6) of PPE-l obtained simultaneously as II 

function of increasing aliquots of CU(OT f)2 in the following manner in THF at 298 :I:: 2 K. 

0.0,1.0" 10",2.66 x 10" ,4.66>< 10",7.33" 10'! . [Cu(OTl)ll - O.OI M;,1 ... ", 380 nm. 

The arrows indicate the dir~tion of response after addition of analyte. (C) shows the 

Stem - Volmer plot calculated from em ission titration al475 om. 
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Fig-S4: Showing absorption (A) and emission (B) ofPPE-l obtained simultaneously as a 

function of increasing aliquots ofTFA in the following manner in THF at 298 :I: 2 K. 0.0, 

6.66)( 10-6, 1.66)( 10.5,2.66 )( 10",6.0)( 10",7.66 )( 10·" 1.03)( 10-4, 1.36)( 10-4, 1.70 

)( 10"',2.1)( 10.4 [TFA] ~ 0.0 1 M.'\u - 380 nm. The arrows indicate the direction of 

response after addi tion of analyte, (C) shows the Stem - Volmer plot calculated from 

emission titration at 475 nm. 
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(A) (8) 
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(C) 
Fig-S5: Showing absorption (A) and emission (8) ofPPE·} obtained simultaneously as a 

function of increasing aliquots of NaCI04 in the following manner in THF at 298 ± 2 K. 

0.0, 3.33 ~ 10-5, 1.66 )( 10-4,3 .0 x 10"', 5.66 x 10'·,9.66 " 10'" [NaC104] = 0.1 M. ;..~ ,., 

380 nm. The arrows indicate the direction of response after addition ofanalyte. (C) shows 

the Stem - Volmer plot calculated from emission titration at 460 om . 
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(C) 
Fig-S6: Showing absorption (A) and emission (8) ofPPE-1 obtained simultaneously as a 

function of increasing aliquots of LiOTf in the following manner in THF at 298 ± 2 K, 

0.0,3.33 )( 10.1, 1.33 )( 10-4, 2.66 ~ 10'-,4.66 )( 10.4,6.66 )( 10'\ 1.53 )( 10.1,2.13 )( 10.1, 

4.68 )( 10.1. [LiOTf] = 0.1 M.,t" = 380 nm. The arrows indicate the direction of response 

after addition of analyte. (C) shows the Stern - Volmer plot calculated from emission 

titrationat47Snm. 
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(C) 
Fig-57: Showing absorption (A) and em ission (8) of PPE-l obtained simultaneously as a 

funct ion of increasing aliquots of [Zn(OTf)2] in the following manner in THF at 298 ± 2 

K. 0.0, 3.33" 1O~, 1.0 ~ IO's, 3.0)( IO·s, 1.70)( 10", 8.33 ~ 10",1.10 x IO-l , 1.50)( 10-) 

and 3.45 )( 10') and 6.20 )( 10-1 M. rZn(OTf)2] m 0.01 M . .l..x " 380 nm. The arrows 

indicate the direction of response after addition o f analyte. (C) shows the Stern - Volmer 

plot calcu lated from emission titration at 475 nm 
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Fig.S8: Comparison of fluorescence enhancement of PPE·1 at 475 nm in response to 

various cations, calculated from emission titration data showing obtained in THf at 298 ± 

2 K. Noticeably, the greatest enhancement is for Zn2+ and Cd2+. 

Titration ofPPE·) with Cd2+ in H20fDMSO/SDS mixture. 

Fig-S9: Showing the emission Spe1:lrum of PPE·I obta ined as a function of increasing 

aliquots ofCd(C104n in 1:1 vlv of deionized H20IDMSO with 0.5 mg/ml ofSDS added 

as surfactant at 298 ± 2 K. (Cd(C I04h l - 1.0 M. ).u - 425 nm. The arrows indicate the 

direction of response alter addit ion of analyte. Inset showing Stem . Volmer plot 

calculated from emission ti tration data at 505 nm. 
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PPE-4 in water with cations 

(A) (B) 

"0" " ::' 
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.- .- ... " .oo" 

(C) 
Fig-S10: Showing the emission (A) and absorption (8) spectra of PPE-4 obtained 

simullaneously as a function of increasing aliquots ofTFA in the following manner; 0.0, 

l.2>< 10-4, 1.6 )( 10-4, 1.8 >< 10-4,2.4 >< 10-4,3 .2 >< 10.4,4.0>< 10-4,4.4 >< 10"",4.8 )( 10-4 , 

5.2)( 10"" ,5.6)( 10-4,6.4>< 10'\8.0 >< 10-4, 1.04>< 10'), 1.52)( 10.1 and 2.0 )( 1O.1 M 

titrated in deionized H20 at 298± 2 K. (TFA] = 0.1 M.l .. "' 400 nm. The arrows indicate 

the direction of response after addition of analyte. (C) shows the Stem - Volmer plot 

ca1culated from emission titration at 490 nm. 
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Fig-S II: Showing the emission (A) and absorption (8) spectra of PPE·4 obtained 

simultaneously as a function of increasing aliquots ofCd(CI04h in the fol lowing manner; 

0,2.0,2.4,2.8, 3.2, 3.6, 4.0, 4.8, 6.0, 8.0, 12,20 and 28 mM titrated in deionized H20 at 

298 ± 2 K. [Cd(C10.hI - 1.0 M. 1 ... '" 400 nm. The arrows indicate the direct ion of 

response after addition of analyte. (C) shows the Stem· Volmer plot calculated from 

emission ti lration at 490 nm. 
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(C) 
Fig-S I2: Showing the emission (A) and absorption (8) spectra of PPE-4 obtained 

simultaneously as a function of increasing aliquois ofCu(OTf)2 in the following manner; 

0.0.0.8,2.4,5.6, 12,24.8,50.4 and 10 1.6 titrated in deionized H20 at 298 :i: 2 K. 

[Cu(OTf)21 - 1.0 M. Au - 400 nm. The arrows indicate the direction o f response after 

addition ofanalyte. (C) shows the Stem - Volmer plot calculated from emission titration 

a1465nm. 
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Fig-S I3: Showing the emission (lett) and absorption (right) spectra of PPE-4 obtained 

simultaneollsly as a funct ion of increasing aliquots ofLiOTfin deionized H20 at 298 ± 2 

K. [LiOTf] = 1.0 M. ) .... 400 nm. The arrows indicate the direction of response after 

addition ofanalyte. A Stem - Volmer plot cou ldn't be calculated due to weak response. 

I:~ II ·~I - \ ., 

--. ...... .. .,. - ". .. .. ... - ... 
Fig-S I4: Showing the emission (left) and absorption (right) spectra of PPE-4 obtained 

simultaneollsly as a function of increasing aliquots of In(OTf)2 in deionized ~hO at 298 

± 2 K. IZn(OTf)ll - 1.0 M . .to. ,., 400 nm. The arrows indicate the direction of response 

after addition of analyte. A Stem - Volmer plot couldn't be calculated due to weak 

response. 
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Fig-SI5: Showing the emission (left) and absorption (right) spectra of PPE-4 obtained 

simultaneously as a function of increasing aliquots of Ba(OTf)2 in deionized H20 at 298 

± 2 K. [Ba(OTf)21 = 1.0 M. J. .... = 400 nm. The arrows indicate the direction of response 

after addition o f analyte. A Stem - Volmer plot couldn"t be calculated due to weak 

response. 

-EIj EJ - I:: .. I 
f - [ I I ... .. 

' ., ... .. '" -,.. .. - - .. 
Fig-SI6: Showing the emission (left) and absorption (right) spectra of PPE-4 obtained 

simultaneously as a function of increasing aliquots ofNaCI0 4 in deionized H20 at 298 ± 

2 K. NaCI04 = 1.0 M. lilt = 400 nm. The arrows indicate the di rection of response after 

addition ofanalyte . Stem - Volmer plot couldn' t be calculated due to weak response. 
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(S) 

~: 20 

H' Cd" Cu" Zn" 8a" Na' LI' 

Fig-SI7: A Comparison of fluorescence enhancement of PPE-4 at 490 nm in response to 

various cations and TFA, calculated from emission titration data, Noticeably, the greatest 

enhancement was forCd 2' 

Titration ofPPE-J with Cd:· and TFA 

Fig-SIS: Showing the emission (left) and absorption (right) spectra of PPE-3 obtained as 

a function o f increasing aliquots ofCd(CI04h in THF at 298 ± 2 K. [Cd(CIO. hl = 1.0 M . 

.J.... "' 400nm. 
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1~ 10J 
lo'ig-S I9: Showing the emission (left) and absorption (right) speetra ofPPE-3 obtained as 

a function of increasing aliquots ofTFA in THF at 298 ± 2 K, n 'FA] - 1.0 M.l.... .. 400 

I ~~=31 r ::l[J0\ =31 
'~) '" 

I 

.. '" .. - ........,. 
Fig-S20: A comparison of absorption (left) and emission spectra (tigh!) of PPE-I . PPE-2 

and PPE-3, For lucidity emission of PPE-l was enhanced by 1 Slimes. 
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450 

Fig-S21: Showing the UY-Yis titration or monomer 2-11 obtained as a function 

increasing aliquotsofCd(CIO.h in DMSO at 298± 2 K. [Cd(CI04hl = 0.1 M. Data from 

above spectrum was employed in calculation of association constants using global kinetic 

analysis. The arrows indicate the direction of response after addition or analyte. [2-11] -

0.OJ54mM. 
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Fig-S22: (A) Concentration proliles of colorful species involved, extracted from the 

global fit by using ML4 model of binding. (D) Deconvoluted absorption spectra of 

prevailing colorful species at different stages of titration experiment. (C) Change in 

absorbance at 292 nm after each addition of[Cd(CI04nl and the corresponding fit. 

Com und Bindin model Association constant 10 
Monomer Me. 1.10 ± 0.06 
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Table or Quanlum yields 

~~~~~c~om~O"~"~d~~~~~~~~~~~~~~~ Mooom" ' -II 0.;;::' 
PPE· I 0.0)8 
PPE·2 0.74 
PPE·) 0.29 

t=======~P~PE~-4t========i========lo.~oo~'4c=======j 

l61 








	0001_Cover
	0002_Inside Front Cover
	0003_Title Page
	0004_Abstract
	0005_Acknowledgements
	0006_Table of Contents
	0007_Table of Contents V
	0008_Table of Contents vi
	0009_List of Figures
	0010_List of Figures viii
	0011_List of Figures ix
	0012_List of Figures x
	0013_List of Figures xi
	0014_List of Schemes
	0015_List of Schemes xiii
	0016_List of Schemes xiv
	0017_List of Tables
	0018_List of Symbols, Abbreviations and Acronyms
	0019_List of Symbols, Abbreviations and Acronyms xvii
	0020_List of Symbols, Abbreviations and Acronyms xviii
	0021_List of Symbols, Abbreviations and Acronyms xix
	0022_Chapter 1 - Page 1
	0023_Page 2
	0024_Page 3
	0025_Page 4
	0026_Page 5
	0027_Page 6
	0028_Page 7
	0029_Page 8
	0030_Page 9
	0031_Page 10
	0032_Page 11
	0033_Page 12
	0034_Page 13
	0035_Page 14
	0036_Page 15
	0037_Page 16
	0038_Page 17
	0039_Page 18
	0040_Page 19
	0041_Page 20
	0042_Page 21
	0043_Page 22
	0044_Page 23
	0045_Page 24
	0046_Page 25
	0047_Page 26
	0048_Page 27
	0049_Page 28
	0050_Page 29
	0051_Page 30
	0052_Page 31
	0053_Page 32
	0054_Chapter 2 - Page 33
	0055_Page 34
	0056_Page 35
	0057_Page 36
	0058_Page 37
	0059_Page 38
	0060_Page 39
	0061_Page 40
	0062_Page 41
	0063_Page 42
	0064_Page 43
	0065_Page 44
	0066_Page 45
	0067_Page 46
	0068_Page 47
	0069_Page 48
	0070_Page 49
	0071_Page 50
	0072_Page 51
	0073_Page 52
	0074_Page 53
	0075_Page 54
	0076_Page 55
	0077_Page 56
	0078_Page 57
	0079_Page 58
	0080_Page 59
	0081_Page 60
	0082_Page 61
	0083_Page 62
	0084_Page 63
	0085_Page 64
	0086_Page 65
	0087_Page 66
	0088_Page 67
	0089_Page 68
	0090_Page 69
	0091_Page 70
	0092_Page 71
	0093_Page 72
	0094_Page 73
	0095_Page 74
	0096_Page 75
	0097_Page 76
	0098_Page 77
	0099_Page 78
	0100_Page 79
	0101_Page 80
	0102_Page 81
	0103_Page 82
	0104_Page 83
	0105_Chapter 3 - Page 84
	0106_Page 85
	0107_Page 86
	0108_Page 87
	0109_Page 88
	0110_Page 89
	0111_Page 90
	0112_Page 91
	0113_Page 92
	0114_Page 93
	0115_Page 94
	0116_Page 95
	0117_Page 96
	0118_Page 97
	0119_Page 98
	0120_Page 99
	0121_Page 100
	0122_Page 101
	0123_Page 102
	0124_Page 103
	0125_Page 104
	0126_Page 105
	0127_Page 106
	0128_Page 107
	0129_Page 108
	0130_Page 109
	0131_Page 110
	0132_Page 111
	0133_Page 112
	0134_Page 113
	0135_Page 114
	0136_Page 115
	0137_Page 116
	0138_Page 117
	0139_Page 118
	0140_Page 119
	0141_Page 120
	0142_Page 121
	0143_Page 122
	0144_Page 123
	0145_Page 124
	0146_Page 125
	0147_Page 126
	0148_Page 127
	0149_Page 128
	0150_Page 129
	0151_Page 130
	0152_Page 131
	0153_Page 132
	0154_Page 133
	0155_Chapter 4 - Page 134
	0156_Page 135
	0157_Bibliography
	0158_Page 137
	0159_Page 138
	0160_Page 139
	0161_Page 140
	0162_Page 141
	0163_Appendix 2-1
	0164_Page 143
	0165_Page 144
	0166_Page 145
	0167_Page 146
	0168_Page 147
	0169_Page 148
	0170_Page 149
	0171_Page 150
	0172_Page 151
	0173_Page 152
	0174_Page 153
	0175_Page 154
	0176_Page 155
	0177_Page 156
	0178_Page 157
	0179_Page 158
	0180_Page 159
	0181_Page 160
	0182_Page 161
	0183_Blank Page
	0184_Inside Back Cover
	0185_Back Cover

