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Abstract 
 
 

The thesis entitled ‘Stability Studies of Poly(3-hexylthiophene) and Synthesis and 

Characterization of Some Metallo-Supramolecular Polymers’ is divided into two 

parts. First part discusses stability of poly(3-hexylthiophene), an important conjugated 

polymer. Second part discusses synthesis and characterization of some metallo-

supramolecular polymers.  

 

Poly(3-hexylthiophene) (P3HT)) is a very important conjugated polymer which finds wide 

applications in optoelectronics. Despite the vast and many more applications of P3HT, very 

modest effort has been devoted to understand their detailed thermal decomposition 

behavior. Mostly available literature only discusses basic thermal studies without any 

established thermal decomposition route. We could realize that insight into the details 

changes of P3HT, that take place when they are subjected to high temperatures, especially 

during device fabrication is important area to be focused. We took up the project and a 

plausible degradation route is proposed based on the experimental details acquired from 

gas chromatography, Raman spectroscopy, FTIR spectroscopy, powder X-ray 

diffractometry, scanning electron microscopy and transmission electron microscopy. 

Moreover, photo stability of P3HT is not good enough and it degrades in organic solvents 

containing dissolved molecular oxygen when irradiated with ultraviolet light. We could 

show that preparation of composites of P3HT with appropriate amounts of multiwalled 

carbon nanotubes (MWCNT) result in superior photostability of P3HT. UV visible and 

fluorescence spectroscopy have been used as primary tools to study the photostability of 

P3HT and its composites. This enhanced photostability of P3HT on preparing composites 

with MWCNT in addition to its easy processability directly from solution makes these 

composites immensely important for optoelectronic applications. Photoluminescence 

quenching of P3HT upon addition of carbon nanotubes was an important phenomenon 

that we observed. We could establish the nature as ‘static quenching’ from the results of 

photoluminescence spectroscopy and time resolved photoluminescence spectroscopy. 

 

 Metallo-supramolecular polymers potentially offer the functionality of the metal ion along 

with the processability of the polymer and this makes them advantageous over the 

conventional polymers. Designing of efficient ditopic monomers with effective metal 

binding sites has been a wide area of research. Recently, interest has developed in 

synthesizing terpyridine ligand based metallo-supramolecular polymers as because they 

form chelate with metal ions which increase the stability of the polymeric systems. 

Coordination behavior of benzimidazole, 2-substituted benzimidazoles and benzothiazoles, 

towards transition metal ions are well established. Looking into the important biological 

activities of the benzothiazole nucleus, and its similarities in binding modes with 

benzimidazole as well as availability of easy synthetic methods, we pursued the synthesis of 

benz0thiazole based ditopic monomers and used it for metallo-supramolecular polymer 

formation. One of our monomer, apart from forming polymers, showed well ability in 

selectively recognizing resorcinol from among the other toxic benzene metabolites. 

Another monomer, with a pentaethylene based ethereal spacer showed remarkable 

propensity to fold in solution by supramolecular interaction selectively upon addition of 

K+. Monomer – K+ folded unit self assemble upon addition of Zn2+ ion and results a unique 

supramolecular polymeric system. We could establish this interesting behavior with 

experimental results as well as supportive theoretical calculations by DFT method. 
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Chapter A1 
 

INTRODUCTION  
 

 
 

 

Poly(3-hexylthiophene) (P3HT) is one of the most extensively studied conducting 

polymer for optoelectronic device applications. Although its physicochemical properties 

are very much promising, they still pose a number of fundamental problems. P3HT 

degrades rapidly under UV light which causes problem in devices. Moreover, till date no 

detail thermal studies are made to establish its thermal stability. In this thesis, the cause 

and solution to problems associated with stability of P3HT are elaborated. Need of 

investigations to ascertain details of thermal stability of P3HT and search for 

enhancement of photostability of the polymer in its composites are established.  
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A1.1Conjugated Polymers 
 

Materials capable of simultaneously presenting the properties of organic polymers and of 

semiconductors have become a subject of considerable interest for both academic and 

industrial researchers in different domains of chemistry, solid-state physics and 

electrochemistry [1]. In this perspective, conjugated polymers (CPs) were proclaimed as 

futuristic new materials that would lead to the next generation of electronic and optical 

devices. In late 1970’s Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa have 

changed the view on plastics that they insulate, they are opposite of metals, they do not 

conduct electricity, with their discovery that polyacetylene polymer can be made 

conductive almost like a metal [2]. Design and development of inexpensive renewable 

energy sources and fabrication of devices with best power efficiency stimulates scientific 

research as energy is the most important global concern of the scientific community to 

save the future of the planet [3]. New technologies are coming up with the discoveries of 

polymer light-emitting diodes (LEDs) [4], organic transistors [5] and organic solar cells 

etc [6-7].  
 

 

 

 

 

 

 The class of polymer is called  ‘conjugated polymer’ because of the alternating single and 

double / triple bonds in the polymer chain. Due to the conjugation in their chains, it 

enables the electrons to delocalize throughout the whole system and thus many atoms 

may share them. The delocalized electrons move around the whole system and become 

charge carriers to make them conductive. Several examples of conjugated conducting 

polymers are polyacetylene, polypyrrole, polyaniline and polythiopene (Figure 1) [8]. 

 

 

 

 

 

Figure 1 Different important conjugated polymers. 
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A1.2 Polythiophenes 
 

 

Among the various possible strategies for modification of CPs the synthesis of a functional 

CP from a substituted monomer in respect to the prerequisites of preserving its relevant 

electronic, optical, and electrochemical properties [9] implies a detailed comprehension 

of the structural effects of substitution (inductive, mesomeric and steric) at the various 

stages of organization of the material. Ease of synthesis due to better reactivity of 

monomer, modification of macromolecular properties (planarity of the conjugated 

system, mean effective conjugation length intrachain conductivity, electronic and 

electrochemical properties) and modification of macroscopic properties (crystallinity, 

morphology, porosity, mechanical properties and macroscopic conductivity 

electrochemical properties) are achieved with betterment in substituted polythiophenes 

[1] Alkyl chains in β position enhance their solubility in organic solvents and thereby 

enhances the ease of processing for device applications.  Alkyl chains in β position also 

facilitate characterizations in alkylthiophenes [10]. These features make polythiophenes 

an important representative class of conjugated polymer, which can form some of the 

most environmentally [11] and thermally stable materials that can be used as electrical 

conductors, nonlinear optical devices, polymer LEDs, electrochromic or smart windows, 

photoresists, antistatic coatings, sensors, batteries, electromagnetic shielding materials, 

artificial noses and muscles, solar cells, electrodes, microwave absorbing materials, new 

types of memory devices, nanoswitches, optical modulators and valves, imaging materials, 

polymer electronic interconnects, nanoelectronic and optical devices, and transistors [12]. 

Polythiophene and its derivatives work very well in some of the above applications and 

less impressively in other devices. Creative new design and development strategies of new 

polythiophenes has led to interesting new materials and enhanced performance in certain 

devices. The ability of molecular designers to understand how to gain control over the 

structure, properties, and function in polythiophenes continues to make the synthesis of 

polythiophenes a critical subject in the development of new advanced materials [7]. A 

number of 3-substituted poly(alkylthiophenes), namely poly(3-alkylthiophene) (P3AT) 

(Figure 2) have been prepared by electrochemical or chemical oxidation of appropriately 

3-substituted thiophenes [13].  

 

S
n

R

R=Hexyl, octyl, bromohexyl etc.

 

Figure 2 Chemical structure of poly(3-alkylthiophene). 
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A1.3 Synthesis of poly(3-alkylthiophene) 

A1.3.1 Electrochemical polymerization 

 

 

 

 

In electro chemical method of preparation of polythiophenes, a potential is applied across 

a solution containing thiophene or substituted thiophene and an electrolyte. Conductive 

polythiophene is recovered as product on the anode (Scheme 1). Initially, oxidation of 

monomer generates a radical cation which then couples with a second radical cation to 

produce a dihydro dimer dication. This leads to a neutral dimer after loss of two protons. 

The dimer which is more easily oxidized than the monomer, gets oxidized to its radical 

cation and then couple with another monomer radical. This process repeats until the 

polymer becomes insoluble in the electrolytic medium and precipitates onto anode [1]. 

 

S S +

S + S + S +

H

H S S
+ 2H+

S S S S + H

S S + H
+

S + S + S +

H

H S

So on

S n  
 

 

Scheme 1 Electrochemical polymerization of thiophene. 
 

 

 

 

 

 

 

 

A1.3.2 Transition metal catalyzed reactions 

 

 

 

 

Elsenbaumer was first to report synthesis of poly(3-alkylthiophene)(P3AT). Later, 

Sugimoto synthesized P3AT by treating 3-alkylthiophene with FeCl3 in chloroform [14-

18] (Scheme 2).  

 
 

S
I I

S
n

Ni(dppp)Cl2

R

Mg, THF

R

S
I I

S
n

R
R

FeCl3

Elsenbaumer method

Sugimoto method
CHCl3

 
 

 
 

Scheme 2 Different methods for synthesis of polythiophenes using transition metal catalyst. 
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A1.3.3 Synthesis of regioregular poly(3-alkylthiophene) 
 

 

 

 

 

Electrochemical and chemical methods lead to random couplings in P3ATs. This gives 

only 50-80% of head-to-tail (HT) coupling, the remaining part is regioirregular. Coupling 

of 3–substituted thiophene at the 2- and 5- positions leads to three different 

regiochemical dimeric units, head-to-head(HH), head-to-tail(HT) and tail-to-tail(TT) 

diads as shown in (Figure 3). This leads to four chemically distinct triads region isomers, 

i.e., HT-HT, HT-HH, TT-HT and TT- HH as shown in (Figure 4). Irregularly substituted 

polythiophenes have structures where unfavorable H-H coupling cause a sterically driven 

 

S

S

R

R

S

S

R

R

S

S

R

R

HH                            HT                            TT  

Figure 3 Regiochemical diads of P3AT. 
  

 

 

 

twist of thiophene rings, resulting in loss of conjugation. Regioregular H-T poly(3-

alkylthiophene)(rr-P3AT) can easily access a low energy planar conformation, leading to 

highly conjugated polymer [19]. 

  
 

S

S

R

R

S

R

S

S

R

R

S

R

S

S

R

S

R R

S

S

R

S

R R

HT-HT                                                HT-HH

TT-HT                                                TT-HH  

 

Figure 4 Regiochemical triads of P3AT. 

 

 McCullough et al. reported the first synthesis of rrP3HTs, yielding nearly 100% 

regioregular polymer [20]. The key to this method is the regio specific generation of 2-
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bromo-5-bromomageniso-3-alkylthiophene, which is generated by reaction of 2-bromo-3-

alkylthiophene with LDA at -78 °C followed by the addition of MgBr2.OEt2. The 

bifunctional intermediate is then polymerized with catalytic amount of Ni(dppp)Cl2 using 

Kumada cross coupling method, affording rrP3AT in 44- 66% yield (Scheme 3). 
 

 

 

 

 The resulting rrP3AT afford HT-HT region regularity of 98-100% as seen by NMR study 

and the Mn values are typically 20k-40k with a PDI of 1.4. Another approach reported by 

Rieke et al. involves the regio specific formation of an organo zinc compound by  

 

S

S

R

R

S

R

NBS/THF

S

R

Br S

R

BrLi

LDA/THF MgBr2.OEt2

S

R

BrBrMg

n

Ni(dppp)Cl2

 

Scheme 3 McCullough method of rrP3AT synthesis. 
 

 

 

 

 

 

reaction of 2,5-dibromo-3-alkylthiophene with highly reactive zinc , and subsequent 

nickel catalysed polymerization [21-24] (Scheme 4). The choice of catalyst used in the aryl 

–aryl coupling has a strong influence on regioregularity of the resulting polymer. 

 

S

S

R

R

S

R

Br S

R

ZnBrBr

Zn/THF

n

Ni(dppp)Cl2

Br
S

R

ZnBrBrZn
+

S

S

R

R

n

Pd(PPh3)4

 
 

Scheme 4 Rieke  method of rrP3AT synthesis. 
 

 

 

 

   

 

Use of Pd(PPh3)4 leads to a regiorandom polymer whereas Ni(dppp)Cl2 leads to a 

regioregular polymer. Molecular weights of polymers prepared by these methods falls in 
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the range of 24k-34k with PDI of 1.4. To overcome the drawbacks of the above methods 

(use of cryogenic temp, multistep procedure and use of highly reactive zinc) McCullough 

et al. in 1999 described an economical new synthesis for the rrP3ATs known as Grignard 
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S

R

R

S

R

Br S

R

MgClBr

n

Br
S

R

BrClMg
+RMgClTHF

Ni(dppp)Cl2

 
 

 

 

 

 

Scheme 5 GRIM method of rrP3AT synthesis. 
 

 

 

 

 

 

 

metathesis (GRIM) method [25,26]. In this method, 2,5-dibromo-3-alkylthiophene is 

treated with 1 equivalent of RMgCl (R=alkyl) to form mixtures of intermediates as shown 

in Scheme 5 in the ratio of 85:15 to 75:25. The Mn values of rrP3ATs synthesized by these 

methods are 20k-40k with PDI in the range of 1.2-1.4. 

 

A1.4 Problems with poly(3-alkylthiophenes) 
 

Although their structure and physicochemical properties are very much promising, 

poly(3-alkylthiophenes) still pose a number of fundamental problems [1]. Chemical 

stability of conducting polymers has attracted enormous debate, because lithography 

processes used during submicrometer device fabrication involves exposure to intense UV 

light or electron beam irradiation [27]. This usually causes the 

photodegradation/bleaching of the organic materials. Such degradation occurs via the 

classical route of photooxidation where scission is initiated by photolysis of trace amounts 

of transition-metal salts [28]. From above discussion on synthesis of 

poly(alkylthiophene)s, it is evident that such metal impurities are obviously added in 

trace amounts in the process of synthesis. Various methods have been used to improve 

the thermal, mechanical, electrical, and optical properties of conducting polymers, such as 

introducing alkyl groups into the main chain, synthesis of soluble precursors, 

copolymerization and preparation of conducting polymer composites [7, 12].  
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A1.5 Conducting polymer composites 
 

 

 

Preparation of conducting polymer composites with advanced material is a recent 

development where advantages of both the polymer and the composite forming material 

are achieved together. Recently, conducting polymer-carbon nanotube composites were 

widely studied to make a large scale enhancement in the physical, mechanical, optical, 

and conducting properties [29-34]. The multiwalled carbon nanotube (MWCNT)-poly(3-

octylthiophene) (P3OT) composites show a 5 order increase in conductivity of the 

composites than that of the pure polymer [35]. However, the optical absorption spectra of 

the P3OT-single-walled carbon nanotubes (SWNT) did not change significantly up to 5 wt 

% SWCNT no significant ground-state interaction between the two materials, causing no 

charge transfer [36]. In the SWCNT-poly-(ethylene dioxythiophene) (PEDOT) 

composites, the electroluminescence, current (I)-voltage (V) data, and photoluminescence 

suggest an electronic interaction between SWCNT and PEDOT; the electronic interaction 

originates from the hole trapping nature of SWCNT in a hole-conducting polymer [37]. 

Hence, from literature survey it is apparent that poly(3-alkylthiophene) (P3AT)-CNT 

nanocomposites exhibit interesting physical, optical, and conductivity properties, but the 

reason for such improvement is not clearly understood and there lie scope of research 

[38].  
 

 

 

 

 

 

 

 

 

 

A1.6 Poly(3-hexylthiophene) 

 

The discovery of ultrafast charge transfer in p-conducting polymer/fullerene composites 

by Sariciftci in 1992 [39] brought a crucial milestone in the field of polymer solar cells. 

The high asymmetry between the forward and back electron transfer rate (9 order of 

magnitude)[40] allows the use of cell architectures with one photo active composite layer 

instead of donor acceptor bilayer devices. The advantage of the blend is an increased  

 

 

S
n  

Figure 5 Chemical structure of poly(3-hexylthiophene) 
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donor acceptor interface and a shortened distance for exciton diffusion (created on the 

polymer) to reach it. Regioregular poly(3-hexylthiophene) (P3HT) appears to be one of 

the best materials till date for such devices. It combines the commercial availability with 

sufficient solubility, a low band gap relative to the most conjugated polymers and a high 

degree of intermolecular order leading to high charge carrier motilities [41]. Hence, it is 

less surprising that the recent best results were obtained using this material [42]. 
 
 
 
 

A1.7 Scope of the work 
 

 

 

 

 

 

 

 

Despite vast applications of P3HT, it has serious problem of photostability. P3HT in 

optoelectronic devices has been a challenge due to its degradation in the presence of light 

during fabrication and operation. The prime reason for this degradation is the effect of 

organic/nonaqueous solvents while processing and the presence of dissolved molecular 

oxygen in addition to the exposure or irradiation of UV or visible light. According to 

Holdcroft, degradation takes the form of both reduced π-conjugation and chain scission. 

The former manifests itself as photobleaching and is largely the product of 

photosensitization and reaction of singlet oxygen. Chain scission occurs via the classical 

route of photooxidation where scission is initiated by photolysis of trace amounts of 

transition-metal salts. In the case of poly(3-hexylthiophene), prepared by chemical 

oxidation using FeCl3, the photoactive impurities are iron(III) salts. Free-radical attack on 

thienyl rings provides an additional, but minor route to photobleaching. Similar polymers 

prepared electrochemically and by Grignard polycondensation reactions also undergo 

photochain scission but to a lesser degree than polymers prepared by FeCl3. The variation 

in rates of scission is attributed to differences in the nature and concentration of the 

impurities. Cause and path of photodegradation of P3HT in well established in literature 

[27-28, 43]. This helps in taking care the fabrication process and to enhance the 

performances of devices made out of it. 
 

 

 

 

 

 

 

 P3HT are subjected to high temperatures especially during device fabrication. 

Surprisingly, very modest effort has been devoted to understand their thermal 

decomposition behavior which would provide an insight into the changes that take place 

under thermal conditions. Literature available [44-49] only discusses basic thermal 

studies without proposing any degradation pathway. We observed, an established thermal 

degradation pathway would certainly help to ascertain thermal parameters for fabrication 

of devices using P3HT. We took up the project and could successfully formulate and study 

the systematic stepwise degradation mechanism of P3HT under thermal conditions in 

inert atmosphere as described in Chapter A2 of this thesis. As discussed above, severe 
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problem of photo stability is associated with P3HT. Yet meager or practically no efforts 

have been made to prevent the photodegradation of conjugated polymers. In the scope of 

this thesis, we have taken up a systematic study on enhancing the photostability of P3HT 

by preparing nanocomposites with carbon nanotubes in Chapter A3. 
 

 

 

 

 

 

 P3HT composites with carbon nanotubes show high photoluminescence quenching even 

if very minor quantities of carbon nanomaterial is blended. However, despite this 

observation of significant quenching behavior, the nature of this photoluminescence 

quenching (static or dynamic) has not yet been determined. In Chapter A4, we have taken 

up the to study the nature of photoluminescence quenching of P3HT in the presence of 

CNTs. 
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Chapter A2 
 

DEGRADATION PATHWAY OF  
POLY(3-HEXYLTHIOPHENE) UNDER 

THERMAL CONDITIONS  
 
 

 

  

 
 

 

 

 

 

 

Thermal degradation of Poly(3-hexylthiopene) (P3HT) was studied under nitrogen 

environment. A plausible degradation route is proposed based on the experimental 

details acquired from thermogravimetric analysis (TGA), gas chromatography (GC), 

Raman spectroscopy, FTIR spectroscopy, powder X-ray diffractometry (XRD), 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

Degradation of P3HT starts at around 195ºC with release of lighter units like CS. 

Further increase in the temperature results in detachment of the hexyl chain from P3HT 

and the residue obtained at 1050 ºC contains fullerenes mixed with amorphous carbon.  
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A2.1 Prologue 
Polythiophenes and their derivatives are a very important class of conjugated polymers 

which find applications as electrical conductors, nonlinear optical devices, polymer LEDs, 

electrochromic or smart windows, photo resists, antistatic coatings, sensors, batteries, 

electromagnetic shielding materials, artificial noses and muscles, solar cells, electrodes, 

microwave absorbing materials, new types of memory devices, nanoswitches, optical 

modulators and valves, imaging materials, polymer electronic interconnects, 

nanoelectronic and optical devices and transistors [1]. Despite the above vast and many 

more applications of P3HT, very less effort has been devoted to understand their thermal 

decomposition behavior [2–7]. Studying the thermal degradation of P3HT would also 

provide an insight into the changes that take place when they are subjected to high 

temperatures especially during device fabrication. We have also analyzed degraded 

samples at various temperatures using Raman, FTIR spectroscopy, powder XRD, SEM, 

TEM and proposed a plausible degradation route. The residue collected finally at 1050 ºC 

was well characterized and confirmed to be fullerenes mixed with amorphous carbon. Gas 

chromatography (GC) technique was used to understand the evolved gaseous products at 

various stages of degradation. 

 

 

 

A2.2 Experimental Section 
 
A2.2.1 Chemicals and Solvents  
 
Chemicals were used as received without any further purification. All solvents, procured 

from Merck, were used after purification by standard purification techniques [8].  
 

 

 

 

 

 

 

A2.2.2 Synthesis of Poly(3-hexylthiophene) 
 

 

 

 

 

The synthesis of P3HT was accomplished by oxidative polymerization process using 

anhydrous FeCl3 as catalyst following the literature procedure [9]. 3-hexylthiophene 0.5 g 

(2.97 mmol) in 5 mL of freshly distilled CHCl3 was added to a stirred solution of 3.06 g of 

anhydrous FeCl3 (11.88 mmol) in 30 mL of freshly distilled CHCl3. The reaction vessel was 

purged with nitrogen and stirred for 2 h at room temperature. The black precipitate which 

formed was filtered, washed with methanol and then added to 200 mL of CHCl3 and 10 

mL of concentrated aqueous ammonia and stirred for 15 minutes at room temperature. 

Some insoluble red-orange material was filtered. The CHCl3 solution was washed several 

times with water and dried using anhydrous CaSO4. The solvent was removed in vacuo to 

give a dark brown film sticking on the wall of the round bottom flask used. Low molecular 
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weight products were removed by adding a concentrated CHCl3 solution of this compound 

into 50 mL of methanol. The product then was filtered and dried under vacuum resulting 

again a film on the round bottom flask. The sample is dried in room temperature for 12 h 

to give 0.215 g (61%) of pure P3HT.  
 

 

 

 

1H NMR δ: 6.97 (s), 2.79 (br), 2.60 (br), 1.850-1.250 (m), 0.908 (br).  

13C NMR δ: 140.13, 133.93, 130.73, 128.84, 31.91, 30.73, 29.68, 29.48, 22.86, 14.32.  

UV visible (CHCl3) : λmax 443 nm, Fluorescence (CHCl3) λEmission  573 nm (ex. 453 nm)  

GPC analysis: Weight average molecular weight, Mw = 50,400, PDI-1.05. 
 

 

 

 

 

 

 

A2.2.3 Instrumentation 
 

 

 

 

 

Thermogravimetry experiments were carried out in a TGA instrument of Mettler 

TOLEDO, model no. TGA/SDTA 851e under nitrogen environment for a range of 

temperature 25 °C –1050 °C. Nitrogen flow rate was maintained at 40–50 mL min-1 

according to the specification of the equipment. Experiments were done at 10 K min-1 

heating rate. Three samples collected at three different temperatures (neat P3HT sample 

at room temperature, 500 °C and 1050 °C) are used for different methods of 

characterizations.  
 

 

 

 

 

 

 SEM images of neat P3HT sample and degraded samples collected at 500 °C and 1050 °C 

from the TGA analysis were recorded in a LEO 1430 VP Scanning Electron Microscope. 

TEM imaging and SAED patterns were recorded in a JEOL JEM 2100 Transmission 

Electron Microscope. Raman spectra of the samples were taken in the solid form using 

488 nm Ar+ ion laser source in backscattering geometry. FTIR spectra were recorded in a 

Perkin Elmer Spectrum One FTIR spectrometer. Powder XRD patterns were recorded in a 

Bruker AXS D8 Advance fully automatic Powder X-ray Diffractometer. Digital 

photographs of P3HT samples were taken using a Nikon Coolpix 8400 digital camera 

fitted to a Nikon SMZ-645 binocular stereo zoom microscope. 
 

 

 

 

 

 

 Evolved gases from the thermal degradation of P3HT were analyzed in a Varian 3800 

Gas Chromatograph (GC). The separation was performed on a mild-polarity column, VF-

200 ms (30 m length, 0.25 mm film thickness, 0.25 mm ID) composed of 100% 

trifluropropyl methyl siloxane phase. 
 
 
 
 
 
 
 
 

A2.3 Result and discussion 
 
 
 
 
 
 

A2.3.1 TGA analysis 

 

 

 

The pretreated P3HT film, dark brown in color (Figure 1a), breaks into smaller pieces on 
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thermal treatment in TGA instrument (Figure 1b and Figure 1c).  The original brown film 

changes into black in color in 500 °C and 1050 °C collected samples. The 1050 °C 

collected sample is darker in contrast than the 500 °C collected sample.  The TGA and 

DTA curves are plotted together to identify the weight loss at different temperatures 

(Figure 2). Three significant weight losses can be distinctly identified. The first observable 

weight loss is at approximately 195 °C. Till this temperature 21% of the total weight is lost. 

The second, which is the major weight loss, is observed at around 473 °C accounting 64% 

loss from the original weight. Total 90% weight is lost from the original weight is observed 

till the end of the experiment. To ascertain this fragmentation pattern, calculated weight  

 
Figure 1 Photograph of (a) Pretreated P3HT at room temperature (b) P3HT collected at 500 °C 
and (c) P3HT collected at 1050 °C taken by a Nikon Coolpix 8400 digital camera fitted to a Nikon  
                                              SMZ-645 binocular stereo zoom microscope. 

 

percentages of different possible fragments of 3-hexylthiophene (the monomeric unit of 

P3HT) are compared with the observed weight losses in our experiment (Table 1). This 

comparison shows, observed weight  loss is  always less  than the calculated  weight loss   

 

 
Figure 2 The TGA (red) and DTA (blue) curves (Inset: complete DTA curve) are plotted together 

to identify the weight loss at different temperatures.  
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Table 1 Comparison of calculated weight loss with the observed weight losses in TGA experiment. 
 
Fragments Weight percentage   

(Calculated) (%) 

Observed weight 

loss in TGA (%) 

Temperature range of 

weight loss in TGA 

CS 26.14 21 RT-195 °C 
CS+C6H13 76.64 64 195 °C – 473 °C 
CS+ C6H13+C2H2 91.50 90 473 °C – 1050 °C 
 
 

 

 

values. Discrepancy arises as calculated weight loss of monomeric unit is compared with 

the experimental weight loss of the studied polymer. While the polymer is heated 

gradually, the heating may not be uniform through out the whole polymer chain.   
  

 

 

 

 

 

 In this case simultaneous release of the same fragment from all monomeric units of the 

whole polymer back bone at a certain point of temperature is not a practically possible 

situation. The first weight loss of 21% at around 195 °C nearly matches with weight loss 

due  to  detachment  of  a CS unit (calculated 26.14%) from the polymer backbone. Studies  

 

 

Figure 3 Gas chromatogram observed for gaseous samples collected in the temperature range of 
300 °C to 500 °C. 

 
on pyrolysis mass photometry of P3HT also reports CS peak as the base peak which  

supports the defragmentation of CS unit at the first place at lower temperature [10]. The  

major weight loss (64% from the original) is predicted as loss of C6H13 fragment, by CS 

loss. This is further supported by gas chromatograph (Figure 3) obtained for the gaseous 

samples collected in the temperature range 300 °C to 500 °C. Significant peaks for C6 

fragment along with C3 fragment is observed in the gas chromatogram. The C3 fragment 

may arise due to further fragmentation of the detached C6 fragments. Moreover, there lies 

possibility of detachment of only C3 fragments from some of the monomeric units while 

maximum of the monomeric units release C6. This may be the reason for which we 

observe maximum discrepancy between the calculated and experimentally observed 
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weight losses in this temperature range. The degradation after 500 °C (total 90 weight % 

loss up to 1050 °C) may be due to the subsequent loss of C2H2 units after detachment of 

CS and C6H13 from the polymer backbone. 
 
 
 
 
 
 
 
 

A2.3.2 Electron microscopic analysis 
 

 

 

 

 

 

 

SEM images were recorded for the dark brown smooth films of P3HT and the degraded 

samples collected at 500 °C and 1050 °C. Pretreated P3HT is very smooth and free of any 

deformation before decomposition (Figure 4a). P3HT sample collected at 500 °C shows 

cracking of the polymer film (Figure 4b). Sample collected at 1050 °C (Figure 4c) shows 

presence of lot of perforations, which indicates the diffusion of volatile species.  
 

 

 

 

 

 

Figure 4 SEM images of (a) pretreated P3HT film (b) sample collected at 500 °C (c) sample 
collected at 1050 °C (Inset: Enlarged picture of a small portion) from TGA instrument and (d) TEM  
                          image of the pretreated P3HT (Inset: SAED pattern of pretreated P3HT) 

 

 TEM imaging of the pretreated P3HT film was done which reveals smooth morphology. 

Amorphous nature of the pretreated P3HT film is confirmed from the SAED pattern 

(Figure 4d). Sample collected at 1050 °C while analyzed in TEM shows two distinctly 
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separated phases (Figure 5a and Figure 5b). The bulk residue has many particles, sizes 

ranging from 3 nm to 27 nm, embedded in it. The SAED pattern collected from these 

particles shows regular and distinct spots confirming the crystalline nature of this phase 

(Figure 5c). The d-spacings were measured for the spots arrow marked in the SAED 

pattern.  Measured d-spacings of 7.13 Å and 2.30 Å from this patterns are close to 7.138 Å 

and 2.18 Å reported for (440) and (111) lattice planes of C60 [11]. In some other portions of 

the TEM image, while seen under higher magnification, some spherical crystalline phases 

are identified (Figure 5d and Figure 5e). These spherical phases may be some of the 

individual fullerene molecules. SAED patterns recorded from other portions of degraded 

P3HT, composing the maximum of the bulk residue, shows circular patterns indicating 

polycrystalline nature. This may be due to formation of amorphous carbon residue.  

 

 
Figure 5 TEM images of P3HT thermally treated at 1050 °C (a) and (b) showing the crystalline 
phase formed out of film (c) Electron diffraction images of one of these crystallites (d) and (e) 
showing   spherical  crystalline  higher  Fullerenes  molecules  (f)  Electron  diffraction  image  from    
                                            places other than these crystalline particles.  
 
 

A2.3.3 Powder XRD spectra 
 

 

 

Powder XRD pattern of pretreated P3HT, 500 °C treated P3HT and 1050 °C treated P3HT 

samples were recorded (Figure 6). Experimentally observed peaks were fitted with Voigt 

spectral profile for comparative analysis (Table 2). In case of pretreated P3HT we 

observed a peak at 4.91° along with a broad peak centered at 22.89°. The peak centered at 
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4.91° corresponds to (100) plane of P3HT having lattice constant 17.99 Å corresponding 

to lamellar staking of P3HT (interchain distance). The broad peak centered at 22.89° is 

assigned to interplanar distance between different lamellar stacking with lattice constant 

3.88 Å [12-13]. On thermal treatment up to 500 °C, the peak centered at 4.90° almost 

disappeared. This observation leads to infer that lamellar stacking of P3HT completely 

breaks of on heating up to 500 °C. This was also evident from the type of surface 

modification of 500 °C treated P3HT in comparison to the pretreated P3HT as observed 

 

 
Figure 6 X-ray diffraction of pre treated P3HT, 500 °C treated P3HT and  1050 °C treated P3HT 
 
 

in SEM images (Figure 4). Cleavage of CS fragments followed by detachment of hexyl side 

chain of monomeric units at 473 °C contributes to the maximum degradation of P3HT. As 

discussed earlier, due to inhomogeneous degradation of the polymer, some undegraded 

thiophene monomeric units may be present till the end of the experiment.  The observed 

small peaks at 6.65° (d-spacing 13.29 Å) and 6.47° (d-spacing 13.66 Å) in 500 °C and 

1050°C treated P3HT are close to the interplanar lattice spacing corresponding to 

repeating unit of thiophene rings (14.8 Å) along the chain of P3HT. This peak has very 

small spectral intensity compared to (100) peak observed in pre treated P3HT sample 

referring to small mass fraction responsible for the origin of peak in the thermally treated 

samples. The shift in 2θ value from 6.65° to 6.47° indicates the loss of regioregularity of 

the degraded P3HT. Significantly, a very sharp new peak is observed at 12.48° in 1050 °C 

treated P3HT. This new peak has d-spacing equal to 7.09 Å. Similar peak is found to be 

reported in literature for amorphous carbon mixed with C60 fullerene [45]. This is in good 

agreement with our observations from TEM micrographs and SAED patterns of the 1050 

°C treated P3HT which we could match with the reported d- spacing of 7.14 Å and 2.18 Å 

for  (440)  and  (111)  lattice  planes  of  C60. On  thermal  treatment,  the  peak  centered at  
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Table 2 Summary of deconvoluted Powder X-ray diffraction peaks using Voigt spectral function 
for pretreated and thermally treated samples of P3HT. 
 

Sample Peak centre 
(2θ in 
degree) 

Peak 
amplitude 
(Arb, Unit) 

FWHM ∆θ 
(in degree) 

Calculated ‘d’ 
Spacing (Å) 

Pretreated 
P3HT 

4.91 621.89 0.5107 17.99 

 22.89 246.19 12.93 3.88 
500 °C treated 
P3HT 

6.65 86.36 0.316 13.29 

 24.19 277.49 11.03 3.68 
1050 °C treated 
P3HT 

6.47 96.89 0.44 13.66 

 12.48 2101.45 0.124 7.09 
 

 24.49 346.8 10.012 3.63 
 
 
 
 

22.89°, in the pretreated P3HT increases to higher 2θ value along with significant 

increase in intensity and decrease in FWHM. This change is assigned to the formation of 

amorphous carbon along with crystalline fullerenes on thermal treatment. On increasing 

the temperature from room temperature (pretreated P3HT) through 500 °C to 1050 °C, 

2θ values increases from 22.89° through 24.19° to 24.49° respectively with the reduction 

of interplanar distance between thiophene chains. This supports gradual formation of 

amorphous carbon along with formation of fullerenes.  
 

 

 

 

 

 

 

A2.3.4 Raman spectra 
 

 

 

 

 

Raman spectroscopic analysis of P3HT is reported in literature [14]. Significant peaks at 

1502, 1491, 1358 and 832 cm-1 are assigned to stretching vibration of thiophene ring. 

Another peak at around 606 cm-1 is assigned to in-plane deformation of the thiophene 

ring. Stretching vibrational modes of C–H bond are expected to show peaks at 3107, 

3084, 3076 and 1081 cm-1. Inplane deformation modes should be observed at 1257, 1085 

and 1035 cm-1. The experimentally observed Raman spectra of the pretreated P3HT, 500 

°C treated P3HT and 1050 °C treated P3HT (Figure 7) were deconvoluted into Lorentzian 

components. Different Lorentzian components are tabulated in Table 3 with their 

respective FWHM and peak intensity values for analysis. Pretreated P3HT (Figure 7 (a)) 

shows a peak at 1460 cm-1 with FWHM value 48.33 cm-1. Other peaks could not be 

observed due to strong fluorescent background of P3HT polymer. The peak at 1460 cm-1, 

with increase in temperature, gradually decreases in intensity and frequency shifts 

towards higher value (Figure 7b and Figure 7c). Raman band assigned to the C=C anti-

symmetric stretching vibration shifts up monotonically (6T: 1507 cm-1, 4T: 1519 cm-1, 3T: 

1530 cm-1, 2T: 1556 cm-1, where T is thiophene rings conjugated in the chain) with gradual 
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decrease of intensities [15-16]. In our experiment, stretching C=C asymmetric vibration 

mode observed at 1460 cm-1  shifts through 1540 cm-1 to 1635 cm-1 as the temperature 

varies from room temperature (pretreated P3HT) through 500°C (500°C treated P3HT) 

to 1050 °C (1050°C treated P3HT). Intensity also decreases significantly from 1029 count 

in pretreated P3HT through 406 counts in 500 °C treated P3HT to  131 counts in 1050 ºC 

 
Figure 7  Raman spectra of (a) pretreated P3HT, (b) 500 °C treated P3HT and (c) 1050 °C treated 

P3HT. 
 

treated P3HT. These observations lead to infer the reduction in the chain length as we 

gradually increase the temperature. Simultaneously broadening of FWHM of these peaks 

from 48.33 cm-1 in the pretreated P3HT through 126.40 cm-1 in 500 °C treated P3HT to 

274 cm-1 in 1050 °C treated P3HT also in agreement with this inference. A peak at 1392 

cm-1, which was not detected in pretreated P3HT, became prominent enough to be 

observed under the same experimental conditions in the 500 °C treated P3HT. This peak 

indicates the formation of amorphous carbon. The FWHM of this peak decreases from 

263 cm-1 in 500 °C treated P3HT to 231 cm-1 in 1050 °C treated P3HT. This decrease in 

FWHM value is indicative of formation of crystalline phase of carbon, namely C60 and 

higher fullerenes, in 1050 °C treated P3HT. This confirms formation of fullerenes at 

higher temperature after 500 °C. Thus, observations form Raman spectroscopic analysis 
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regarding formation of fullerenes is in good agreement with results obtained from SEM, 

TEM, SAED pattern and XRD measurements described earlier. Peak  at 1635 cm-1, as 

observed in 1050 °C treated P3HT (stretching  vibration of ring), is of much lower 

intensity compared to pretreated P3HT indicating almost complete breakage of polymeric 

structure at this temperature. In case of pretreated P3HT no significant peaks, except the  
 

 

 

 

Table 3 Different Lorentzian components with FWHM with their individual intensities. 

 

Sample 

Raman shift 
ωo (cm-1) 

Intensity (Io) 
(Relative 
counts) 

FWHM  ∆ω 
(cm-1) 

Area of 
the peak 

Pretreated P3HT 1460.9 1029.0 48.33 66,509 

 

 

500 °C treated 
P3HT 

772.2 

955.7 

1022 

1392.8 

1540.3 

364.0 

527.0 

272.9 

311.2 

406.8 

151.90 

115.00 

57.10 

263.50 

126.4 

70,956 

82,241 

22,395 

96,447 

70,350 

 

 

1050 °C treated 
P3HT 

782 

929.3 

980.9 

1027.4 

1088.9 

1381 

1635.5 

334.2 

347.5 

412.7 

312.0 

352.0 

271.0 

131.0 

86.90 

69.80 

63.80 

66.80 

111.60 

231.00 

274.00 

40,718 

35,345 

38,508 

30,115 

51,423 

71,554 

40,636 

 

one at 1460 cm-1, were observed. After thermal treatment two strong peaks appeared in 

the region 600–1100 cm-1. Peak centered at around 772 cm-1 (500 °C treated P3HT) and 

782 cm-1 (1050 °C treated P3HT) are assigned to C–S vibration and are of significant 

intensity in these samples as compared to the pretreated P3HT, where due to high 

florescent background they were not prominent. Peak centered at around 1022 cm-1 in 

500 °C treated P3HT and 1027 cm-1 in 1050 °C treated P3HT can be assigned to C–H 

stretching vibration. Peak observed at 955 cm-1 in 500 °C treated P3HT and at 929 cm-1 

and 980 cm-1 in 1050 °C treated P3HT are assigned to C–SH deformation mode arising 

from the degradation residue. The presence of vibrational modes corresponding to C–H, 
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C–SH and C–S in the thermally treated samples indicates that smaller fragments still 

remain after degradation, either in the polymer backbone or in the degradation residue, 

which is indicative of inhomogeneous degradation of the polymer. The fragmented 

molecules, with C–H, C–SH and C–S bonds, vibrate more freely in comparison while they 

were in the polymer backbone. This leads to increased intensity of Raman modes of peaks 

corresponding to C–H, C–SH and C–S bonds in the thermally treated samples.  
 

 

 

 

 

 

A2.3.5 FTIR spectra 
 

 

 

 

Gradual decrease in intensities of the FTIR peaks in the finger print region, as literature 

reports, is a common observation in case of polymer degradation [17]. Experimental 

observations from FTIR spectra for pretreated P3HT, 500 °C treated P3HT and 1050 °C 

treated P3HT follows this trend indicating gradual thermal degradation of P3HT with 

increasing temperature (Figure 8). The peak at 2690 cm-1 in the pretreated P3HT, 

assigned  to  methyl  asymmetric  stretching  of  hexyl  side  chain,  gradually  decreases in  

 

 
Figure 8 FTIR spectra of Pre treated P3HT, 500 °C treated and 1050 °C treated P3HT. 

 

 

 

 

 

intensity in the 500 °C treated P3HT and 1050 °C treated P3HT. This implies the 

detachment of the side chain from the P3HT backbone. Two other peaks centered at 2936 

cm-1 and 2861 cm-1, corresponding to methylene in phase and out phase vibrations, also 

decreases in intensity with increase in temperature. Moreover, the wagging and twisting 

mode of CH2 group were observed at 1193 cm-1 and 1130 cm-1 in pretreated P3HT. Absence 

of these two peaks in 500 °C treated P3HT and 1050 °C treated P3HT is also supportive of 

detachment of the hexyl side chain at high temperature. P3HT is easily soluble in CHCl3. 
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The sample collected after 500 °C heat treatment is found to be not well soluble in 

common organic solvents including CHCl3. Detachment of the hexyl side chain results this 

decreased solubility of P3HT. The three significant peaks for C2–C3 and C4–C5 anti-

symmetric and symmetric stretching modes of thiophene were found at 1560 cm-1, 1511 

cm-1 and 1464 cm-1 in pretreated P3HT. The peak at 1560 cm-1 that was very intense in 

pretreated P3HT, decreases in intensity and becomes negligible at 500 °C. Thus it is 

supportive of decrease of conjugation with increase in temperature. In pretreated P3HT 

the peak corresponding to C–C inter ring bond stretching (expected at 1276 cm-1) was 

found at 1261 cm-1. This shift may be due to steric hindrance of the hexyl side chain [18]. 

The intensity of this peak decreases becomes negligible above 500 °C implying that 

thiophene rings get cleaved. The peak at 668 cm-1 assigned to C–S stretching in pretreated 

P3HT disappears after treatment at 500 °C indicating loss of CS units before this 

temperature.  
 

 

 

 

 

 

A2.4 Plausible degradation pathway 
 

 

Thermal degradation of P3HT, as observed from TGA analysis, starts with release of 

lighter fragment within   195 °C. The first significant weight loss of ~21% observed 

experimentally matches nearly to the calculated weight loss for a CS fragment from the 

polymer backbone. The maximum weight loss observed at 473 °C, indicating a loss of ~64 

% from the initial weight, is ascribed to the loss of the C6H13 fragments, and followed by 

loss of the CS units. Gas chromatographic analysis, Raman, FTIR measurements 

morphological  observations  from SEM, powder XRD patterns are all found to supportive  
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Figure 9 Proposed thermal degradation pathway of P3HT 
 

 

 

 

 

 

to this proposed degradation within 500 °C temperature. Decreased solubility of 500 °C 

treated P3HT is another indication of this detachment.  The degradation after 500 ºC 

(total 90% weight loss up to 1050 °C) may be due to the subsequent loss of C2H2 units 

after CS and C6H13 detached from the polymer backbone. The final residue was confirmed 

to be amorphous carbon and a mixture of fullerenes from the results obtained from TEM, 
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SAED and powder XRD patterns. Based on these observations, we have proposed a 

plausible thermal degradation pathway (Figure 9) [19].  
 

 

 

 

A2.5 Concluding Remark 
Detailed thermal degradation study of P3HT, an extensively used polymer in 

optoelectronic devices, is performed (under nitrogen atmosphere) and a thorough 

understanding on the stability and handling of the polymer are obtained. Results establish 

that P3HT starts degrading at around 195 °C, with detachment of lighter fragments like 

CS. Degradation occurring before 500 °C is ascertained to be due to the release of the 

hexyl side chain. This was confirmed using GC experiment of the gas evolved at particular 

temperature. Detachment of the hexyl chain makes the polymer insoluble in common 

organic solvents. Final release of C2H2 unit resulted in the formation of both amorphous 

and crystalline phases of carbon as revealed by SAED analysis. Calculation of d-spacing 

from TEM data confirms fullerenes mixed with amorphous carbon. To our knowledge this 

is the first systematic report, where detailed thermal degradation and characterization 

data for P3HT and its residue are explained. The formation of fullerenes and its detailed 

characterization also agrees well and supports the proposed degradation mechanism of 

P3HT. 
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Chapter A3 
 

PHOTOSTABILITY OF POLY(3-
HEXYLTHIOPHENE/ CARBON NANOTUBE 

COMPOSITE 
      

               
 
 

 
 

 
Poly(3-hexylthiophene) (P3HT) degrades in organic solvents containing dissolved 

molecular oxygen when irradiated with Ultraviolet light. In this chapter, P3HT 

composite with multiwalled carbon nanotube (MWCNT) is reported to show superior 

photo stability while similar composite with single walled carbon nanotube (SWCNT) 

composites does not. UV-visible and fluorescence spectroscopy are used as primary tools 

for photostability study. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) reveal coatings of P3HT on the nanotubes. This enhanced photo 

stability of P3HT-MWCNT composites with its easy processability makes these 

composites immensely important for optoelectronic applications. 
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A3.1 Prologue 

Despite many promising properties, the stability of poly-3-hexylthiophene (P3HT) in 

optoelectronic devices has been a challenge due to the degradation it undergoes in 

presence of light during fabrication and operation. The prime reason for this degradation 

is the effect of organic / non aqueous solvents while processing and the presence of 

dissolved molecular oxygen in addition to the exposure or irradiation of UV or visible light 

[1,2]. This has resulted in device malfunction or inferior quality devices. To overcome this, 

enormous effort has been devoted to stabilize potentially useful polymers like P3HT. 

Literature reports various methods to improve the thermal, mechanical, electrical and 

optical properties of conducting polymers. Introduction of alkyl groups into the main 

chain, synthesis of soluble precursors, preparation of conducting polymer composites, 

blending with metal salts/nanoparticles and copolymerization are a few techniques to 

mention [3,4]. Yet, meager or practically no efforts have been made to prevent the photo 

degradation of conjugated polymers.  
 

 

 

 

 Carbon nanotubes are an important class of organic materials that have fascinating 

properties, which make them fit for applications in nano-electronics [5]. Boosted by the 

promising properties of both carbon nanotube (CNT) and conducting polymers, various 

reports on the polymer/CNTs dispersions based hybrid materials has been published. [6-

9] Due to the enhanced conductivity and mechanical properties of P3HT in easily 

processable nanocomposites of P3HT with multiwalled carbon nanotubes (MWCNT), they 

are projected as good candidates for possible device fabrication and optoelectronic 

applications [10]. 
  

 

 

 

 In the scope of this work, we present a systematic study on enhancement of photo 

stability of P3HT on preparation of nanocomposites with MWCNT. Irradiation of UV light 

on this nanocomposite causes no photo degradation to P3HT. We have used UV-Visible 

absorption spectroscopy, photoluminescence spectroscopy and ESR spectroscopy to 

understand the photo-degradation behavior of the P3HT and have optimized the 

percentage of MWCNTs doping required for enhanced photo stability of as synthesized 

P3HT. 
 

 

 

 

A3.2 Experimental Section 
 
A3.2.1 Chemicals and solvents  
 

 

 

 

Carbon nanotubes (Shenzhen Nanotech, China) were used as received. Solvents, procured 

from Merck, were used after purification by standard purification techniques [11].  
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A3.2.2 Instrumentation 
 

 

 

Ultrasonications were done in a JAC Ultrasonic 1505 ultrasonicator.  UV-Visible spectra 

were recorded on a Perkin-Elmer Lambda 25 UV-Vis spectrophotometer at room 

temperature. Photoluminescence studies were done using a Varian photoluminescence 

spectrophotometer. Scanning electron microscopy images were recorded in a FESEM 

scanning electron microscope. Samples were prepared on small glass plate wrapped with 

aluminum foil, on which solution of samples (pristine P3HT and the different composites) 

were drop casted. Afterwards the samples were dried under vacuum. Before analysis the 

samples were coated with gold. Tunneling electron microscopic studies were done using a 

JEOL 2100 tunneling electron microscope. To prepare samples, solutions of pristine 

P3HT and composite were drop casted on the TEM grid and dried under vacuum before 

they were analyzed. ESR spectroscopy was done on JEOL JES-FA200 Electron Spin 

Resonance (ESR) spectrometer.  
 

 

 

 

 

 

 UV degradation experiments were performed in a Delta Scientific Variable Intensity UV 

Digester. Degradation chamber which was used contains three Hg discharge lamps 

(Philips, G6 T5, TUV 6W). We measured the spectral power density at the place where the 

samples were kept for degradation studies. Emission from Hg vapor lamps primarily 

consists of three lines 365.4 I-line, 404.7 H-line and 435.8 G-line. The relative intensities 

of these lines bear a constant ratio at a particular temperature. Optical power meter 

(ThorLabs Inc) set at 404.7 nm (H-line of Hg vapor) shows radiant power 4.5 mW. 
 

 

 

 

 

A3.2.3 Synthesis of poly(3-hexylthiophene) 
 

 

 

 

The synthesis and characterization of P3HT is reported in Chapter A2 earlier (Section 

A2.2.2 ) [12, 13].  
 

 

 

 

 

A3.2.4 Preparation of P3HT- MWCNT/SWCNT nanocomposite 
 

 

 

 

A simple sonication technique was adopted for preparation of P3HT-MWCNT/SWCNT 

nanocomposites. Three different composites with different loading amounts of 

MWCNT/SWCNTs (5%, 10% and 15% w/w) were prepared. For each preparation, a 

solution of 0.01 g P3HT in 5 mL dry chloroform, required amount of MWCNT (0.0005 g 

for 5%, 0.0010 g for 10% and 0.0015 g for 15% composites) were added and the mixture 

was ultrasonicated for 30 minutes at room temperature. The original P3HT solution, 

orange red in color under UV light, turns deep brown in the composite solution.  
 

 

 

 

 

A3.2.5 UV-visible and photoluminescence studies 
 

 

 

 

Stock solutions for UV-visible and photoluminescence studies were prepared maintaining 
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similar concentration of P3HT, both in pristine P3HT and in composites. Pristine P3HT 

solution was prepared dissolving 0.01 g of P3HT in 5 mL dry chloroform. Stock solutions 

of the three different composites were prepared as mentioned above. Necessary 

equivalent dilutions of both pristine P3HT solution and composite solutions were made 

using certified micropipettes. All the degradation studies using UV visible and 

photoluminescence spectrophotometer were done in solution phase taking dry CHCl3 as 

solvent. The solutions were irradiated in the UV chamber in steps of one minute exposure 

time and the spectra were recorded after every exposure.   
 

 

 

 

 

 

 A3.3 Result and discussion 
A3.3.1 Electron microscopy 
 

 

 

SEM micrograph of pristine P3HT is recorded in lower magnification where the over all 

morphology is clearly observable. Though the film is full of holes, most of the areas are 

smooth and of uniform thickness (Figure 1a). Dimension of the pure MWCNT is found to 

be ~45 nm (Figure 1b). SEM micrographs of composites reveal presence of random 

networks of interconnected bundles of MWCNT dispersed in the polymer matrix.  

Micrographs of P3HT+5 % MWCNT composite film (Figure 1c, Figure 1d) showed 

uniform dispersion of nanotubes within the polymer. In this composite, dimension of the 

nanotubes increases to ~75 nm.  This increase indicates coating of P3HT on the nanotube 

surfaces. Moreover, the amount of carbon nanotubes is found to be insufficient to interact 

with all the P3HT present and a major part of P3HT remains exposed as observed. The 

P3HT+10 % MWCNT composite has well dispersed coated nanotubes (Figure 1e) with 

dimension ~ 75 nm (Figure 1f) as like P3HT+5 % MWCNT composite. In this case, carbon 

nanotubes are well coated and neither P3HT nor the MWCNT are found to be excess. This 

observation indicates that 10% w/w may be the optimum loading amount for coating of 

the whole amount of nanotubes used. On increasing the quantity of MWCNT to 15% in the 

composite (P3HT+15 % MWCNT), the amount of polymer becomes insufficient to coat all 

the nanotubes. Therefore, bundle of nanotubes are coated as a whole by the polymers 

(Figure 1g) and plenty of uncoated nanotubes (~ 45 nm dimension) are observed lying 

apart from the composite indicating excess loading of carbon nanotubes (Figure 1h).  
 

 

 

 

 

 

 Polymer coating on the carbon nanotube surfaces was confirmed by TEM analysis. TEM 

micrographs of pristine P3HT film (Figure 2a) and P3HT+10 % MWCNT composites 

(Figure 2b) were recorded along with   their   respective SAED patterns (insets of Figure 

2a and figure 2b). Surface morphology of the pure P3HT film was found to be smooth and 

SAED pattern shows its amorphous nature. As seen in TEM micrograph of P3HT+10 % 
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MWCNT composite, a lighter contrast on the tubular dark nanotubes demonstrates the 

P3HT coatings. SAED pattern from the lighter contrast part is indicative of its amorphous 

nature and further confirms the coating of P3HT on it.  

 

 
 

 
 

 

Figure 1 SEM micrographs of (a) as synthesized P3HT (b) pure MWCNT (c), (d) P3HT+5 % 
MWCNT (e), (f) P3HT+10 % MWCNT and (g), (h) P3HT+15 % MWCNT. 
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Figure 2 TEM micrographs of (a) as synthesized P3HT (inset: SAED pattern) and (b) P3HT+10 % 
MWCNT composite (inset: SAED pattern) 

 
 

 

 

 

 Literature survey reveals that dispersion of MWCNT in conjugated polymers has been a 

well focused problem which affects its processing [14]. Hence, the observed well and 

uniform dispersion of the carbon nanotubes in our composites is interesting and 

important from the angle of its applications.  It is likely that the interactions between 

P3HT and MWCNTs via π–π and CH-π forces are responsible for uniform dispersion 

within the solution that stays stable for weeks. Forces of π–π and CH-π interactions 

probably overcomes the van der waals interaction in between MWCNT which results 

uniform dispersion of the nanotubes the solution medium [15]. 
 

 

 

 

 

 

A3.3.2 UV-vis spectroscopy 
 

 

 

 

In conjugated polymers, the extent of conjugation directly affects the observed energy of 

the π-π* transition which appears as the maximum absorption [16]. The broad absorption 

spectra of pristine P3HT with absorption maxima at 443 nm is indicative of extensive π-

conjugation throughout the polymer backbone (Figure 3a). All the composites showed 

absorption maxima with minor blue shifts. In case of the P3HT+5 % MWCNT composite, 

the absorption maxima was observed at 437 nm with a blue shift of 6 nm from the 

absorption peak of P3HT (Figure 3b). The P3HT+10 % MWCNT composite showed 

absorption maxima at 432 nm with blue a shift of 11 nm (Figure 3c). P3HT+15 % MWCNT 

composite also showed absorption maxima at 432 nm (Figure 3d) identical to that with 

the P3HT+10% MWCNT composite indicating that increasing the loading of carbon 

nanotubes beyond a certain extent does not alter the absorption behavior of P3HT. 

Appearance of the absorption maxima at the same position for both P3HT+10 % MWCNT 
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and P3HT+15 % MWCNT composites implies that 10% w/w is the optimum loading 

percentage of MWCNT, which is in good agreement with the conclusions from the TEM 

micrographic analysis. Excess amount of MWCNT, as observed in SEM micrograph for 

P3HT+15 % MWCNT composite (Figure 1h) remain uncoated by the polymer, and 

therefore incapable of imparting any further change on the absorption maxima. The 

minor blue shifts observed for the absorption maxima of the composites are common and 

are in agreement with earlier reports in literature for composites with P3HT [17-18]. 
 

 

 

 

 

 

 To study the photo degradation behavior, the three carbon nanotube composites with 

P3HT (P3HT+5 % MWCNT, P3HT+10 % MWCNT and P3HT+15 % MWCNT) were exposed to 

UV radiation in chloroform solution in steps of one minute exposure time each. Gradual 

UV irradiation on pristine P3HT solution caused a rapid decrease in absorption intensity  

 

 

Figure 3 Solution phase UV visible absorptions of (a) Pristine P3HT (0-24 minutes UV exposure) 
(b) P3HT+5 % MWCNT composite (0-20 minutes UV exposure)  (c) P3HT+10 % MWCNT 
composite  (0-20  minutes  UV  exposure)  and (d) P3HT+15 % MWCNT composite  (0-20 minutes  
                                                                            UV exposure) 
 

with significant blue shifts of the absorption maxima (The plots presented are for 2 

minutes irradiation time increment) (Figure 3a). Up to a level of 20 minutes irradiation 
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time, the entire polymer degraded (absorption spectra recorded till 24 minutes 

irradiation). This notable change is attributed to the disruption of the π-conjugation and 

shortening of the conjugated backbone under the influence of UV light. In the case of 

P3HT+5 % MWCNT composite, the original absorption maxima (437 nm) is blue shifted 

steadily along with regular reduction in the intensity up to complete degradation of 

polymer, resulting in disappearance of the peak within 20 minutes of UV-irradiation time 

(Every plot recorded for one minute irradiation is presented) (Figure 3b). However, 

presence of 5% MWCNT in the P3HT solution slows down the photo degradation 

compared to pristine P3HT. Significantly, the P3HT+10 % MWCNT composite does not 

show any change in absorption maxima (432 nm) even after prolonged irradiation time of 

20 minutes (Figure 3c). Again in the case of P3HT+15 % MWCNT composite (absorption 

maxima at 432 nm), a minor blue shift (7 nm) of absorption maxima with decrease in the 

absorption intensity was observed (Figure 3d) (Plots are presented for 0, 2, 4, 8, 12, 16 

and 20 minutes irradiation only for clarity). Except the minor spectral changes observed 

initially, the spectra was seen to be static even on irradiation up to the 20th minute. 

Observations from these UV irradiation results leads to infer that the P3HT+10 % MWCNT 

composite is best stabilized under UV irradiation. The plausible reason may be that the 

10% MWCNT in P3HT is the optimum amount for effective coating of all the nanotubes 

by the polymer. This is also well established and supported by micrographic analysis 

using SEM. Loading of lesser amount of carbon nanotubes, like in the case of 5% MWCNT 

loaded composite, much of the P3HT remains uncoated leaving them exposed to UV 

irradiation resulting photo degradation. During synthesis and processing of carbon 

nanotubes, transitional metals such as Fe, Y, Ni, and Co are often used as catalysts. 

Unavoidably carbon nanotubes are contaminated by these catalyst residues [19]. In case 

of the P3HT+15 % MWCNT composite, metal impurities may have crossed a threshold 

helping in minor degradation of composite. 
  

 

 

 

 

 Similar experiments to ascertain photochemical stability of P3HT composites with 

SWCNT was done. Different weight percentage of SWCNT was loaded in different 

composites and photo chemical stability was studied exposing to UV radiation in 

chloroform solution in steps of one minute exposure time each as like we did for P3HT-

MWCNT composites and explained above. Here results of UV degradation experiments of 

three different composites (P3HT+5 % SWCNT, P3HT+10% SWCNT, P3HT+15 % SWCNT) of 

P3HT with SWCNT are placed (Figure 4a, Figure 4b and Figure 4c). None of the 

composite showed better stability in comparison to the pristine polymer. In all these 

composites degradation is fast and within ~5 minute exposure time the  λmax in UV visible 

spectra vanishes almost completely indicating large degradation of the polymer. In these  
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Figure 4  Solution phase UV visible absorptions of (a) P3HT+5 % SWCNT composite (0-5 
minutes  UV  exposure)   (b) P3HT+10 %  SWCNT  composite  (0-7 minutes  UV  exposure)  and (c)  
                                   P3HT+15 % SWCNT composite  (0-5 minutes UV exposure) 
 
 

 

 

composites, unlike in case of P3HT composite of MWCNT, no shift of absorption maxima 

is observed and all composite eventually have the same absorption maxima as like that of 

the pristine polymer (443 nm). Our observation is supported by literature report where 

absorption spectra of the P3OT-single-walled carbon nanotubes did not change 

significantly upon addition of SWCNT indicating insufficient interaction between the two 

materials [20].    
 

 

 

 

A3.3.3 Photoluminescence spectroscopy 
 

 

 

 

 

The photoluminescence (PL) spectrum of P3HT sample (Figure 5a) shows an intense 

emission peak at 575 nm while excited at 443 nm. On exposing the P3HT solution to UV 

irradiation for one minute, a drastic reduction in the PL intensity is observed. This abrupt 

reduction of PL intensity indicates that a major part of the polymer backbone has 

undergone degradation. Further irradiation leads to complete quenching of the PL 

intensity indicating full degradation of the polymer within 20 minutes of UV exposure 

time. This degradation behavior observed by PL spectroscopy confirms well the inferences 

of UV-Visible spectroscopic investigations. Figure 5b, Figure 5c and Figure 5d represent 

changes in the PL spectra of P3HT+5 % MWCNT, P3HT+10 % MWCNT and P3HT+15 % 

MWCNT composites. The most significant observation from these spectra is, irrespective 

of the ratios of MWCNTs used, that intense PL spectrum of the P3HT is quenched heavily 

upon preparation of composites. The P3HT+5 % MWCNT composite showed emission at 

573 nm (437 nm excitation) with diminished intensity (Figure 5b) compared to the 

pristine P3HT. On exposure to UV irradiation up to 20 minutes, a near total quenching of 

PL intensity along with a blue shift of ~40 nm is observed. This quenching and 

modification in the PL intensity may be due to the π-π interaction of the P3HT with 

carbon nanotubes forming additional decay paths for the excited electrons via the 

MWCNT [10]. The P3HT+10 % MWCNT and P3HT+15 % MWCNT composite also showed 

similar PL peak at 573 nm (437 nm excitation) (Figure 5c and Figure 5d). Both these 
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Figure 5 Photoluminescence spectra of P3HT and various composite percentages of MWCNT on 
UV irradiation (a) Pristine P3HT solution (0-24 minutes) (b) P3HT composite with 5% MWCNT 
solution (0-20 minutes)  (c) P3HT composite with 10% MWCNT solution irradiated with UV light 
for  20  minutes  (d) P3HT  composite  with  15%  MWCNT  solution irradiated with UV light for 20  
                                                                                      minutes. 

 

samples, with highly quenched PL intensity, showed no further quenching or shift in PL 

peaks on exposure to UV irradiation for 20 minutes. This indicates higher photo stability 

of both these composites as compared to pure P3HT and P3HT+5 % MWCNT composite. 

The clear changes observed in the PL efficiency of P3HT in the presence of MWCNT are 

perhaps due to acceptance of an electron from the excited state of P3HT by MWCNT. 

Similar kind of photo induced electron transfer from excited state of a conducting 

polymer to C60 is reported in literature where π-π interactions are dominant [21]. In 

addition to the π-π interactions, the composites of conjugated polymer with MWCNT are 

also known to show CH-π interactions [10, 22-23] which may be collectively responsible 

for the changes in the PL spectra. 
 

 

 

 

 

A3.3.4 Electron spin resonance spectroscopy 
 

 

 

 

 

Electron spin resonance (ESR) is a very sensitive probe that provides vital information 

about the chemical environments associated with unpaired electrons. To follow the 
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photodegradation of P3HT in solution phase, ESR spectroscopic analyses were done on 

pure P3HT and UV exposed P3HTs at different time intervals (Figure 6). A significant 

sharp peak (g = 2.0164) is observed which is close to the free electron g value 

(gth=2.0023). The deviation of the observed value from the free electron g value is 

attributed to the coupling of internal molecular magnetic field (arising from unquenched 

angular momentum) with spin momentum. The deviation of the resonance line position is 

controlled by the spin orbit coupling  parameter λ and the energy difference ∆E,   between  

 

Figure 6 ESR spectra of P3HT exposed till 20 minute irradiation time. 

the corresponding electronic levels belongs to the same wave vector ( Equation 1) [24].  

                                                       thg g
E

λ
= +

∆
                                                   Equation 1 

After UV irradiation, g value shifts from 2.0164 to 2.0172 (inset of Figure 6). Moreover 

the absorption intensity of this particular peak monotonically increases with increase in 

UV irradiation time. This sharp peak observed near free electron g value is indicative of 

delocalization of electrons on the polymer backbone. Another peak with very strong 

absorption at higher magnetic field (at g = 0.7777) is also observed. After UV irradiation 

this peak shifts to g value of 0.7787. Intensity of this peak monotonically decreases with 

increase in UV irradiation time. The line shape of these peaks are asymmetric with 

asymmetry parameter α= 1.37 for g = 2.0164 peak and and α= 0.42 for  g = 0.7777 peak 

respectively. This asymmetric ‘Dysonian line shape’ arises due to localization of 

conduction electrons, and is known as conduction electron spin resonance (CESR). If the 

length of the sample along the propagation direction of microwaves is larger than the skin 

depth, then the microwave field would have been damped within the sample. In such 
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cases the absorption line shape is expressed as a sum of absorption and dispersive 

components to explain asymmetry observed experimentally [25]. Our studies confirm that 

the peak at g = 0.7777 arises from P3HT chain, whereas peak at g=2.0164 arises due to the 

formation of paramagnetic defects. Literature reports such increase in the intensity of 

ESR peak is observed near free electron g value only in the presence of oxygen [26]. Our 

result supported by literature is also in good agreement with the reported photo oxidative 

pathway resulting in a P3HT radical [2] that finally leads to the photodegradation of the 

polymers. Change in the g-value after irradiation indicates modification of internal 

molecular field due to structural modification along with change in the corresponding 

energy level, is consistent with changes in the UV visible absorption peak observed 

experimentally. These conclusions from ESR spectra of P3HT before and after UV 

exposure are strong evidence of our understanding on the oxygen mediated photo 

degradation process. Further, attempts to quantitatively measure the relative photo 

degradation of the three P3HT composites with various percentages of MWCNT using 

ESR spectroscopic analysis did not give any conclusive result. This may be due to the very 

low concentration, and percentage of MWCNT in the solution form, showing almost 

undetectable change of paramagnetic species after UV exposure. 
 

 

 

 

 

 

 

A3.4 Mechanism of enhanced photostability 
 
 

 
 

 
 

 
 
 
 
 

 
 

 

In an earlier report on photo degradation of P3HT, it was established that both reduced π-

conjugation and chain scission are responsible for the degradation process [2]. The 

reduction of conjugation, manifesting itself as photo bleaching, was reported largely as 

the product of photosensitization and reaction of singlet oxygen. Hence, in the absence of 

dissolved oxygen in the solution, no photo chemistry is observed. Chain scissions occur 

via the classical route of photo oxidation where scission is initiated by unavoidable 

residual trace of transition metal impurities imparted by the preparative methods of 

carbon nanotubes. Hence, an optimum of loading amount of MWCNT is important as 

using higher than this provides lesser stability to P3HT due to higher quantities of metal 

impurities which further catalyzes the degradation. Based on these observations two 

plausible mechanisms are proposed by virtue of which enhanced photo stability is 

achieved in the P3HT+10%MWCNT composite. Firstly, the electron transfer event from 

the P3HT to the MWCNT, as evident from the high quenching of PL intensity, greatly 

changes the redox potential of P3HT to oxygen and there by enhances the oxidative 

stability of P3HT composite with MWCNT compared to the pristine P3HT. Secondly, the 

π-π interaction between P3HT and carbon nanotubes in composites improves the stability 

of the π-conjugation system and thereby prevents photosensitization which reduces the 
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reaction opportunity of singlet oxygen with P3HT. Enhanced photostability, easy 

processability and excellent film forming property on desired substrates makes them fit 

for  higher efficiency devices [27]. 
 

 

 

 

A3.5 Concluding remark 
 
 
 
 
 

Nanocomposites of P3HT polymer and MWCNT were prepared by ultrasonication 

technique providing an alternative and easy method of preparing uniform composites 

from readily available polymeric materials and carbon nanotubes. We have shown that 

conjugated polymer P3HT degrades rapidly in organic solvents containing dissolved 

molecular oxygen when irradiated with UV light. The photo degradation of P3HT was 

characterized by UV visible, PL and ESR spectroscopic techniques. The 

P3HT+10%MWCNT composite was found to be highly stable for weeks and did not 

degrade on exposure to UV light [28]. Coating of nanotubes by P3HT polymer was 

confirmed by SEM and TEM micrographic techniques. Modifications of absorption 

maxima in the composites compared to the pure polymer along with strong 

photoluminescence quenching implied π-π interaction between the polymer and the 

nanotubes. Photo chemical stability of P3HT was confirmed to be significantly enhanced 

on preparing composite with MWCNT while compared with pure P3HT polymer. The well 

documented increased electrical conductance with this enhanced photo stability allows 

these composites for better applications in optoelectronics. 
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Chapter A4 

 
NATURE OF PHOTOLUMINESCENCE  

QUENCHING OF POLY(3-HEXYLTHIOPHENE) 
BY CARBON NANOTUBES 

 
 

 
 
 

High photoluminescence quenching of poly(3-hexylthiophene) is observed in case of its 

composites with multiwalled carbon nanotubes and single walled carbon nanotubes 

even if very minor quantities of carbon nanotube is blended. With the experimental 

findings of UV-visible spectroscopy, photoluminescence spectroscopy and time resolved 

photoluminescence spectroscopy the nature of this photoluminescence quenching has 

been confirmed as static quenching.  
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A4.1 Prologue 

Photoluminiscence (PL) quenching has been a subject of great interest due to its potential 

use in many material science and biomedical applications. Specific DNA/RNA detection 

[1] and gas sensing [2] are some recent examples to mention where the detection 

techniques are based on photoluminescence quenching of some florescent materials. 

Variety of molecular interactions like molecular rearrangements, excited-state reactions, 

energy transfer, ground-state complex formation and collisional quenching are 

responsible for PL quenching [3]. Highly fluorescent  poly(3-alkylthiophenes) (P3ATs) are 

conjugated polymers with good solubility, processability, and environmental stability. 

Regioregular poly(3-hexylthiophene) (P3HT) is used as electron donor in bulk 

heterojunction solar cells with record power conversion efficiencies up to 5% [4-6]. The 

most efficient organic photovoltaic solar cells to date utilize a bulk heterojunction of 

conjugated polymer (electron donor) and fullerene derivative (electron acceptor) with 

solar power conversion efficiencies of nearly 8%. Electron mobility in these materials, 

however, depends strongly on fullerene clustering and hopping transport [7-9]. Carbon 

nanotubes (CNTs) tout several unique properties that nominate them as intuitive and 

possibly superior candidates to replace the electron accepting and transport fullerene 

phase in bulk-heterojunction organic photovoltaic systems. Recent studies on blends of 

conjugated polymers and single walled carbon nanotubes (SWCNTs) suggest that efficient 

exciton quenching occurs at these interfaces [10]. Although there is still some uncertainty 

regarding precise values, estimates of the ionization potential and electron affinity for 

P3HT and various SWCNTs suggest that a type II band offset should be formed at the 

interface between the two materials. Indeed, several spectroscopic studies on polymer -

SWCNT systems have concluded that photoinduced interfacial charge separation occurs 

in these systems. However, it should be noted that quenching of the polymer 

photoluminescence or a faster PL decay is often cited as an indication of photoinduced 

electron transfer [11]. A fast transfer of photoinduced charges from donor to acceptor is 

very essential for an efficient photovoltaic device. If the electron is not transferred within 

a few femto seconds, the photo generated exciton will decay to ground state emitting PL 

resulting in an inefficient photovoltaic device. Hence, composites which show high 

photoluminescence quenching are in focus for applications in solar cell construction. 

Thus, preparation of composite materials, using conducting polymers as donor and 

carbon nano materials as acceptor is a recent well focused area of research.  
 

 

 

 

 

 

 Composites of P3HT with multiwalled carbon nanotube (MWCNT) [12] and SWCNT [13] 

are well characterized in literature. In these composites high photoluminescence 
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quenching of P3HT occurs even if a small amount of carbon nanomaterial is blended. In 

our work on enhancement of photostability of P3HT in Chapter A3, we also observed very 

high quenching of photoluminescence on addition of very low amount of MWCNT to 

P3HT. However, despite this observation of significant quenching behavior, the nature of 

this photoluminescence quenching (static or dynamic) has not yet been reported. In this 

chapter, we have studied the photoluminescence quenching of P3HT in the presence of 

MWCNT and SWCNT to ascertain its nature of photoluminescence quenching. 
 

 

 

A4.2 Experimental Section 

A4.2.1 Chemicals and Solvents        
 

 

 

 

 

MWCNT and SWCNT (Shenzhen Nanotech, China) were used as received. All solvents 

were used after purifications by standard purification techniques [14].  
 

 

 

 

A4.2.2 Instrumentation 
 

 

 

 

 

Scanning electron microscopic images were recorded in a Carl Zeiss SIGMA field emission 

scanning electron microscope.  Samples were prepared on small glass plates wrapped with 

aluminum foil and solution of samples (pristine P3HT and the different composites) were 

drop casted. Afterwards the samples were dried under vacuum. Before analysis, the 

samples were coated with gold. Ultrasonications were done in a JAC Ultrasonic 1505 

ultrasonicator. UV-Visible spectra were recorded on a Perkin-Elmer Lambda 25 UV-Vis 

spectrophotometer at room temperature. Photoluminescence studies were done using a 

Varian photoluminescence spectrophotometer. Time resolved photoluminescence spectra 

were recorded in a Lifespect spectrometer (Edinburgh Instruments).  
 

 

 

 

 

 

A4.2.3 Preparation of composite  
 

 

 

 

 

 

MWCNT-P3HT and SWCNT–P3HT composite stock solutions were prepared by 

ultrasonication technique. Concentrations of the composites were maintained in micro 

molar to reduce the possibility of quenching effect arising due to molecular aggregation. 

In each case 1.0 x 10-4 g of nanotube was added to 25 mL micromolar solution of P3HT 

(1.2 x 10-6 M) in chloroform.  Then the solution was sonicated for 30 mins. The original 

red orange colour of P3HT solution turns dark brown in the composites (P3HT- MWCNT 

composite is shown in Figure 1). To follow the gradual change in photoluminescence of 

P3HT upon addition of nanotubes, photo luminescence of 3 mL of 1.2 x 10-6 M polymer 

solution is recorded first. Gradually, nanotubes were added by adding the composite 

solutions in steps of 40 µL per addition.   Every time, to maintain same concentration 
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Figure 1 Photograph of chloroform solution of (a) P3HT and P3HT-MWCNT composite under 
white light (b) P3HT under UV light and (c) P3HT-MWCNT composite under UV light. 

 

of the P3HT, 40 µL of P3HT solution is thrown and 40 µL of composite solution was 

added and spectra were recorded till we get maximum quenching. 

 

A4.3 Result and discussion 
 

A4.3.1 Morphological characterization of P3HT nanotube composites  
 

 

 

 

 

 

SEM micrographic analyses were done to characterize the composites. SEM micrograph 

of pristine P3HT (Figure 2a) is recorded in lower magnification (3.71 kX) where the over 

all morphology is clearly observable. Due to fast evaporation of casting solvent, holes are 

formed. Uniform thickness is observed in high magnification (inset, Figure 2a) .   
 

 

 

 

 

Figure 2 FESEM micrographs of (a) pristine P3HT, (b) Pure MWCNT (c) Pure SWCNT 
(d) P3HT-MWCNT composite (e) P3HT-SWCNT composite 
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Micrographs  of  pristine MWCNT (Figure 2b) and pristine SWCNT (Figure 2c) were also 

recorded. Diameter of MWCNT is ~45 nm and that of SWCNT used is ~14 nm. High 

magnification FESEM images of P3HT-MWCNT (97 kX) (Figure 2d) and P3HT-SWCNT 

(134 kX) (Figure 2e) were recorded from the samples, where we got the maximum 

quenching at the end of photoluminescence spectroscopic measurement experiment. In 

the P3HT-MWCNT composites (Figure 2d) the nanotubes are mostly observable very 

clearly. The MWCNTS in the composites are increased by size (~74 nm) indicating 

covering of the nanotube surfaces by P3HT coating. Similar observation was found in 

P3HT-MWCNT composites prepared in Chapter A3 [15]. However, in P3HT-SWCNT 

composites, the distinct shapes of nanotubes were not clearly seen (Figure 2e).  

  

 

 

 

 

 

A4.3.2 UV-visible and photoluminescence spectroscopy 
 

 

 

 

The changes in the absorption spectra of P3HT with increasing concentration of 

MWCNTs were recorded (Figure 3a) carefully. These experimental absorption curves 

were deconvoluted using Gaussian lineshapes to exactly determine the peak position, line 

width and intensity. Figure 3b shows deconvoluted spectra of pristine P3HT solution (i.e. 

before addition of MWCNTs). Two distinct peaks, with absorption maxima 373.85 nm 

(assigned as Peak-1) and 443.56 nm (assigned as Peak-2) respectively could be 

deconvoluted. Variation in the absorption maxima with increasing MWCNTs 

concentration in the P3HT solution is shown in Figure 3c. Absorption peak position is 

found to be monotonically blue shifted with increasing concentration of MWCNTs. This 

indicates the increase in the band-gap with addition of MWCNTs. More interestingly a 

systematic shift in the absorption peak position indicates interaction between P3HT and 

MWCNTs. Figure 3d shows change in the absorbance of P3HT with increasing 

concentration of MWCNTs. Absorbance intensity of Peak-1 does not show appreciable 

change, while that of Peak-2 gets monotonically decreased.  
 

 

 

 

 PL intensity of P3HT is found to monotonically decrease with addition of MWCNTs 

(Figure 4a). To estimate the quenching efficiency of MWCNTs for P3HT and investigate 

the mechanism of photoluminescence quenching, these PL spectra were deconvoluted 

using Gaussian line profile, typically shown for P3HT alone in Figure 4b.  PL spectra of 

P3HT is found to consist of three peaks  at wavelengths  569.0  (Peak-1),  616.5  (Peak-2)   

and  622.9  nm (Peak-3) on  the  deconvoluted spectra (Figure 4b). Figure 4c shows the 

Stern-Volmer plot corresponding to these three components. Figure 4d shows the Stern-

Volmer plot corresponding to the total intensity observed experimentally at integrated 

peak position. The Stern-Volmer plot follows linear behavior except at the very high 

concentration where it shows exponential nature. The inset of the Figure 4d shows the 
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linear fit for lower concentration ranges given by 
0 1/ 1F F xα= + , where 

1α  equals to 

0.0005974± 0.000368. The combined region could be fitted with 

0 2 2 2/ 1 exp( )F F x xα β γ= + + . Where, 
2 20.0005974, 0.02896α β= =   and 

2γ    is 

0.0005974.  Separate  fit  for  lower  concentration  region  with  only  linear  curve  shows  

 

 

Figure 3 UV visible spectra of (a) P3HT upon addition of MWCNT (b) deconvoluted peaks (c) 
change in peak center and (d) changes in absorption. 

 

better fit as shown in the inset of Figure 4d. Positive deviations from the Stern-Volmer 

equations have been observed when the extent of quenching is large. Such a situation is 

usually interpreted in terms of a “sphere of action” within which the probability of 

quenching is unity. The “modified form of the Stern-Volmer equation” [3] expressed by   

)1000/]exp([])[1(/0 VNQQKFF
D

+= does not give a good fit in this case. Where  V   is 

the volume of the sphere. This equation modifies to purely exponential growth when 

contribution of dynamic quenching is negligible, i.e., 
D

K  ≈ 0.   
 

 

 

 The linear nature of Stern-Volmer plot indicates that either of the two possible 

mechanisms of PL quenching, static or dynamic quenching, is involved in this process. 

Shift in the UV-Vis absorption maxima indicates a strong probability of static quenching 
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i.e. through the formation of non-fluorescent complex. When such a complex absorbs 

light, it returns to the ground state without the emission of a photon. This is further 

confirmed through time resolved photoluminescence spectroscopy (TRPL).     

 

Figure 4 Photoluminescence quenching of P3HT upon addition of MWCNT (a), deconvoluted 
peaks (b), Fo/ F for the three peaks at different concentrations and SV plot (d) 

 

Figure 5 shows the TRPL spectra of P3HT when excited with 475 nm diode laser and 

emission is monitored at 569 nm. With continuous addition of MWCNTs, the TRPL 

spectra have been recorded for various concentrations of MWCNTs (not plotted here for 

clarity). Visibly all the spectra lie over one another. These spectra were deconvoluted 

using exponential decay profile to estimate the PL life time, typically shown for P3HT 

alone in Figure 5a indicating presence of two decay channels with 140.14 ± 2.96 ns (τ1) 

and 555.97 ± 1.86 ns (τ2) responsible for 25.12 and 74.88 % of the decay process 

respectively. Figure 5b and Figure 5c shows the variation in (τ0/τ) for the decay channels 

τ1 and τ2 respectively with increasing concentration of MWCNTs. This figure clearly shows 

that ratio of PL decay time before and after addition of MWCNTs remains constant nearly 

at 1. This eradicates any possibility of existence of dynamic quenching contribution, since 

such process would lead to decrease in the PL excited state lifetime. These TRPL results 

are in agreement with linear SV plot and peak position shift observed in the absorption 
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spectra indicating “Static quenching” to be only responsible for the process.  

 

          Figure 5 Life time results for P3HT -MWCNT nanocomposites. 
 

 

 

 

 

 

Further, experiments have been carried out with SWCNTs to estimate the relative 

quenching efficiency of MWCNTs and SWCNTs. Figure 6a shows the change in the UV 

visible absorption spectra with increasing concentration of SWCNTs. Unlike MWCNTs, 

visibly little change in the absorption spectra appears with addition of SWCNTs. Similar 

to the MWCNTs, these spectra were deconvoluted using a combination of two Gaussian 

peaks. The variation in the peak position and intensity of these two components are 

shown in Figure 7b-e. Similar to MWCNTs, with addition of SWCNTs to P3HT the 

absorption maxima monotonically shifts to the lower wavelengths. But in case of 

SWCNTs, change is relatively weak and follows a linear trend for the similar 

concentration. In case of SWCNTs, the absorbance do not show appreciable change in 

comparison to MWCNTs as shown in Figure 6d and Figure 6e respectively for peak-1 and 

peak-2. This observation is supported by literature report where absorption spectra of the 

P3OT-SWCNT did not change significantly upon addition of SWCNT indicating 

insufficient interaction between the two materials [16].    
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                             Figure 6 UV visible studies for P3HT SWCNT nanocomposites. 
 

 

 

 

 

Figure 7a shows the change in the photoluminescence of P3HT with increasing 

concentration of SWCNTs. Corresponding Stern-Volmer plot is shown in Figure 7b.  

Stern-Volmer plot is linear for lower concentration and shows positive curvature at higher 

concentrations. Non-linear curvature may arise either due to a number of factors like 

combined effect of static and dynamic quenching, limited accessibility of quenchers or 

due to very large extent of quenching. Presence of dynamic quenching in our case is 

eliminated through time resolved studied presented later, while the limited accessibility of 

quenchers to the nanotubes due to bundling effect would lead to negative curvature in 

contrast to the observed upward curvature.   
 

 

 

 

 

 Similar to the case of MWCNTs, with continuous addition of SWCNTs to P3HT at various 

concentrations, the change in the photoluminescence lifetime has been monitored.  
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Figure 7 Photoluminiscence quenching of P3HT upon addition of  (a) SWCNT and  (b) SV plot  
 

 

 

 

 

 

 Similar to MWCNTs these spectra were fitted with a combination of two exponential 

decay components. The change in the decay time for these two components τ1 and τ2 are 
 

 

 

 

 

 

 

 

Figure 8 Time resolved spectroscopic results for P3HT-SWCNT composites 
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shown in Figure 8a and Figure 8b respectively. The ratios  τ10/τ1  and τ20/τ2  remains nearly 

constant at 1. This strongly indicates the absence of any contribution from dynamic 

quenching. Thus the positive deviation observed in Stern-Volmer plot arises from large 

extent of quenching to be explained using ‘Sphere of action model’.  
 

 

 

 

A4.4 Concluding remark 
 

 

 

From the experimental results of UV visible and photoluminescence spectroscopic 

studies, photoluminescence quenching observed in P3HT and carbon nanotube 

composites are confirmed to be “static quenching”. Positive deviation observed in Stern-

Volmer plot arises from large extent of quenching to be explained using “Sphere of action 

model”. Quenching of photoluminescence of P3HT by MWCNT is more efficient in 

comparison to SWCNT.  
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Chapter B1 
 

INTRODUCTION  
 
 
 
 
 
 
 
 
 
 
 
Metallopolymers are organic-inorganic hybrid materials featuring metal complexes 

within a polymeric system. They are attractive because of the common advantages of 

polymers like their low cost, ease of processing, good mechanical properties along with 

the unique tunable properties of metal complexes (optical, magnetic, electronic, 

catalytic). One important subset of these materials is the class of metallosupramolecular 

polymers, where the metal-ligand interaction is dynamic in nature and thus acts as the 

supramolecular motif. In this chapter, emergence, advantages and need based 

importance for further research in this area are highlighted with the help of available 

literature reports. 
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B1.1 Supramolecular polymers 

B1.1.1 Supramolecular chemistry 
  
          

The development of supramolecular chemistry added a new perspective to modern 

chemistry by non covalent interaction to organize molecular building blocks and thus 

enabling ‘chemistry beyond molecule’ [1]. Self assembly and host-guest chemistry are the 

two broad categories of supramolecular chemistry. The former describes the building up 

of non covalent arrays of defined geometry from specifically engineered molecular 

components. The latter involves the combination of small molecules, comprising a host 

that specifically accommodates a guest, thus leading to molecular recognition. The forces 

involved in supramolecular chemistry are hydrogen bonding, electrostatic interactions, 

van der Waals forces, π-π stacking, charge transfer interactions etc. [2-7]. Unlike covalent 

bond, these forces are weaker and easily disrupted. Self assembly shows the spatial 

confinement through spontaneous connection of a few or many components, which result 

in discrete or extended entities at molecular or supramolecular level.  Meanwhile, it has 

been demonstrated that the use of non covalent interactions offers a fantastic opportunity 

for synthesis of large, complex structures such as receptors, devices and catalysts [8].   
 

 

 

 

 

Modern society substantially depends on polymers due to the vast variety of their physical 

and chemical properties as well as their wide spread commercial application [9]. 

Traditional polymers are covalently formed polymers, where the monomers are linked by 

covalent bonds [10]. So formed covalently bonded polymers have well defined (static) 

molecular weight distributions that define their physical properties. Interest in 

supramolecular polymers has been stimulated to a great extent by the impressive progress 

made in supramolecular chemistry in general [11-14], and in the field of synthetic self 

assembling molecules in particular. Here, self-assembly has been adopted for the 

synthesis of different polymers [15]. According to Sijbesma et al. [16]  “Supramolecular 

polymers are defined as polymeric arrays of monomeric units that are brought together by 

reversible and highly directional secondary interactions, resulting in polymeric properties 

in dilute and concentrated solutions, as well as in the bulk. The monomeric units of the 

supramolecular polymers themselves do not possess a repetition of chemical fragments. 

The directionality and strength of the supramolecular bonding are important features of 

systems that can be regarded as polymers and that behave according to well-established 

theories of polymer physics”.  
 

 

 

 

B1.1.2 Types of supramolecular polymers 

 

 

 

During the last few years, considerable efforts have been made in the direction of self 
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assembling and supramolecular polymers as novel materials with ‘intelligent’ and tunable 

properties [17]. Three different types of supramolecular polymers are generally mentioned 

in literature. The first type is formed by the reversible association of bifunctional 

monomers. In this class the average degree of polymerization (DP) is determined by the 

strength of the end group interaction [18]. Second type of supramolecular polymers can 

be formed by planar structures that have the possibility to assemble on both sides of the 

plane. Here, the DP is completely governed by the association constant and the 

concentration. In the third category, supramolecular polymers are based on the 

reversibility of metal coordination bonding between a ligand and metal ions. Eventually, 

they are referred as metallo-supramolecular polymers or coordination polymers. These 

polymers are the closest analogues to conventional macromolecules, because most of the 

polymers mentioned make use of strong bonding, in which the reversibility can be tuned 

by chemical means only. The DP of the polymers in case of the coordination polymers is 

similar to that of the condensation polymers, and achieving exact stoichiometry is also of 

importance here[19]. 

In the scope of this thesis, the third type of supramolecular polymers, which are 

constructed from an alternating incorporation of metal ions and organic ligand molecules 

will be discussed (Figure 1). 

 

 

 

 

 

 

 

Figure 1 Representation of a typical metallo-supramolecular polymer of a ditopic ligand with two 
receptor units and metal M 

  

B1.2 Metallo-supramolecular polymers: Features, 
applications and examples 

 
 
 

 
 

 
 

 
 

 
 

Many researchers have already reported on the formation and application of 

supramolecular polymers in detail [20-24]. Metallo-supramolecular polymers potentially 

offer the functionality of the metal ion along with the processability of the polymer [25]. 
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Metal-ligand coordination provides an excellent means for the synthesis of 

supramolecular systems as the coordination bond is highly directional, the ligand 

structures can be varied in a desired manner by established organic chemistry techniques, 

and the thermodynamic and kinetic stability can be fine tuned with the appropriate ligand 

types and metal ions [26, 27]. There has been a lot of contemporary interest in the use of 

metal-ligand binding as the thermodynamic driving force for self assembly of ditopic 

ligands into metallo- supramolecular polymers [28]. These metal containing polymers in 

which the metal-ligand interaction is dynamic in nature can thus act as supramolecular 

motifs [29].  
 

 

 

 

Consideration of literature referred above suggests that metallo-supramolecular 

polymeric-materials have better potential to be used in light emitting diodes and light 

harvesting materials when compared to pure inorganic materials or organic polymeric 

materials. The reason behind the same are due to the following  features. 
 

 

 

 

 

• The use of noncovalent metal-ligand binding as the driving force for the self 

assembly of ditopic ligand offers a facile route to preparation of coordination 

polymers. 

• For reversible coordination polymers, the DP and temperature dependence 

binding constant (K) are related as DP ~ (K[M])1/2 . According to this, higher DP is 

achieved at higher monomer concentration ([M]). Hence, sufficient optimization 

is possible by tuning the binding constant and the monomer concentration. 

• Inorganic materials consist of covalent or ionic bonds or atoms over the entire 

expanse of solids. Synthesis, purification and characterization of organic 

molecules (ligand part in coordination polymer) are much simpler as compared to 

inorganic materials. 

• Band gap tuning by chemical structure modification of the spacer part and using 

different metal ions along with self-organization behavior attracted tremendous 

attention both for basic scientific research and technological advances over 

inorganic materials. High thermal stability with excellent luminescence is some of 

the other important properties of metallo-supramolecular polymers. 

• Self error correction and thermodynamically favored structure are great 

advantages in case of reversible coordination polymers. 

• Coordination polymers offer considerable processing advantages over inorganic 

materials, device fabrication is easier and they can be generated by solution 

deposition techniques even on flexible substrates. 

 

 In fact, due to their potential usefulness in a plethora of applications like catalysis, light-
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emitting devices and sensory materials, metallopolymers have become a prominent 

research theme at the interface of metal-organic chemistry and polymer science. Utilizing 

a variety of non-covalent interactions, several recent studies have demonstrated that 

different types of building block can be assembled with supramolecular motifs, yielding 

polymer materials that span a broad range of structures and properties [20-22, 30-32]. By 

varying metal–ligand binding motifs different types of binding characteristics [26-27, 33-

35] (e.g., thermodynamic and kinetic stabilities) can be obtained, which in turn can be 

utilized to tune the nature of the resulting supramolecular materials [36-41].  
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Figure 2 The first reported coordination polymer 
 

 

 

 

 

 In 1968, A. Ripamonti and coworkers first reported the soluble coordination polymers 

beryllium phosphinates (Figure 2) [42]. They studied the solution properties which 

indicated   that   these   compounds   are   linear   polymers   which   undergo   a  reversible  
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Figure 3 Different building blocks of metallo-supramolecular polymers 

degradation influenced by the nature of the solvent, concentration and temperature.  With 

TH-1079_PJGOUTAM



 

INTRODUCTION 

64 
 

the advancement of metal ligand coordination chemistry, various metal-ligand system 

based coordination polymers are developed recently by different groups. Wang and 

Reynolds [43] reported soluble and electroactive nickel bis(dithiolene) polymers (A in 

Figure 3). Dihydroxy-functionalized azobenzene was applied by the group of Suh [44] for 

the construction of coordination polymeric systems with transition metals ions like Ni2+, 

Cu2+, Co2+ and Fe2+ (B in Figure 3)  which have been named polyazometals. Pyridine-

Metal Coordination based metallo-supramolecular polymers had also been reported by 

several other groups [45-46]. Würthner and Sautter reported formation of metallo-

supramolecular polymer by a pyridine based dye with Ag+ (C in Figure 3) [47]. 

Vermonden and coworkers utilized oligoethylene glycol spacered pyridine-2,6-

dicarboxylic acid receptors  and could synthesize water soluble coordination polymers 

with Zn2+ ions (D in Figure 3) [48]. 
 

 

 

 

 

B1.3 Chelating complexes: An effective way to 
obtain metallo-supramolecular polymer with 
high binding constants 
 

 

 

 

 

 

The coordination of pyridine ligands to metal ions being linear in manner, most of the 

reported polymers had low binding constant. To overcome this shortcoming attempts to 

design new ligands capable of forming coordination polymers with high binding constant 

were made. This involved addition of chelating moieties within the ligand system. Rehahn 

et al. reported the first coordination polymer utilizing kinetically labile metal complexes 

and with high binding constant.  This polymer had a phenanthroline based ditopic ligand 

capable of forming chelate (Figure 4). Later, many literatures came up, where 

phenathroline and/or bipyridine based building blocks were involved in polymer 

preparation [49-54]. 
  

 

 

 Octahedral coordination by three phenanthroline or 2,2'-bipyridine ligand give rise to 

enantiomers. The 2,2':6',2''-terpyridine (tpy) ligand is ideally suited as a ligand for 

coordination polymers as 2:1 ligand-metal complexes does not give rise to enantiomers 

which has advantage over 2,2'-bipyridine [27]. Terpyridine ligands bearing flexible 

oligomeric and polymeric spacers have been reported by the group of Schubert (A in 

Figure 5) [36, 55-56]. Beck and Rowan synthesized a terpyridine type ditopic ligand with 

2,6-bis(1-methylbenzimidazolyl)-4-hydroxypyridine based binding site and pentaethylene 

glycol as a spacer, which forms metallo-supramolecular polymers that are photoactive 

mechanoresponsive gels (B in Figure 5) [57]. In another communication Rowan and co  
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Figure 4 First coordination polymer utilizing kinetically labile metal complexes and with high 
binding constant. 

 

workers reported a metallo-supramolecular polymeric system with similar binding site 

but with a different rigid spacer unit (C in Figure 5) [58].  
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Figure 5 Terpyridine based ditopic ligands for metallo-supramolecular polymer formation 
 

 

 

 

 To summarize, many literature are appearing in the area of design and development of 

supramolecular polymers where attempts to tune the properties of the polymeric system 

by varying the binding site, spacer part and the metal ion have been shown. Literature 

survey suggests that metallo-supramolecular polymeric-materials have better potential to 

be used in light emitting diodes and light harvesting materials in comparison to pure 

TH-1079_PJGOUTAM



 

INTRODUCTION 

66 
 

inorganic materials or organic polymeric materials and hence this area is focused as a 

need based research area.  
 

 

 

 

B1.4 Supramolecular receptors and guest 
selective recognition 
 
 

 
 

 
 
 
 

As described earlier in this chapter, host-guest chemistry is another important area under 

supramolecular chemistry. Supramolecular receptor molecules can form supramolecules 

by selectively binding guest molecules like ionic or molecular substrates (or both) by 

means of various intermolecular interactions. Molecular recognition, i.e. the ability of 

molecules and functional groups to recognize and interact with each other, is 

fundamentally important for understanding many chemical phenomena, e.g., drug–

receptors, enzyme–substrate recognition, adhesion of molecules to surfaces, self-

assembly of molecules etc. The recognition is binding with a purpose and the process 

occurs through a set of structurally well-defined intermolecular interactions. Thus, 

molecular recognition implies the storage and read out of molecular information. 

Although, the term recognition was initially used in connection with biological systems, in 

the beginning of the 1970’s it was used in the selective complexation of metal ions [59]. 

Pedersen [60], who discovered the crown ethers and later received the Nobel Prize for it 

in 1987, mentioned the use of the compound for the recognition of ammonium ions [61].        
  

 

 

 

 Cram [62] and co-workers concluded that two factors are important to achieve high 

binding constants, [63] firstly the principle of complementary binding sites must be 

fulfilled. Receptor and guest binding sites should be in close proximity geometry, they 

should be complementary and they should fit without generating steric strain. Secondly, 

receptors which are suitably pre-organized for guest binding will lead to the more stable  
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Figure 6 Crown ether 18-crown-6 
 

 

 

complex. Crown ether ammonium ion binding occurs by hydrogen bonding between 

oxygen atoms (or nitrogen, sulfur or other free electron pair in hetero crown ethers) and 

N+–H bonds. The cyclic arrangement leads to a pre-organization of the host, whereby 

selectivity is determined by the ring size. Primary ammonium ions are complexed with 

highest affinity by 18-crown-6 derivatives (Figure 6) [64].  
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 Achievements of molecular recognition depend on the design of molecular receptors so 

that it can create numerous non covalent binding interactions with the guest molecule 

and sense its molecular size, shape, and architecture. Receptors should contain some 

intramolecular cavities, clefts or pockets to which guest molecule can fit in, which is 

known as concave receptors. Another significant point is the flexibility of supramolecular 

systems which is of great importance in biological receptor-substrate interactions. In last 

decades, this field is receiving importance because of their significance in intermolecular 

chemistry and in chemical selectivity. This receptor chemistry is extending to all types of 

substrates: cationic, anionic, or neutral molecules of organic, inorganic, or biological 

nature[65]. Noteworthy progress made in order to design and synthesize novel receptors 

capable of recognizing chemical and biological guest molecules has contributed greatly in 

the development of supramolecular chemistry [66-69]. Major challenges that need 

attention are the development of structurally simple and stable receptors that would have  
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Figure 7  Barbituric acid receptor by Hamilton (A) and  Urea receptor by Bell and co workers (B) 
 

 

 

 

 

better utility and much wider applicability. There were many receptors which are capable 

of recognizing neutral molecules. Hamilton [70] reported a macrocyclic receptor which 

form complex with barbituric acid through hydrogen bonding (Figure 7a). Bell [71] and 

co-workers designed a series of heterocyclic receptor for urea (Figure 7b). 
 

 

 

 

Recently, Chetia et al. reported simple 2,6-bis (2-benzimidazolyl) pyridine as urea 

receptor  and toxic benzene metabolites receptor (Figure 8) [72, 73].  
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Figure 8  2, 6-bis (2-benzimidazolyl ) pyridine as receptor for  urea and benzene metabolites 
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B1.5 Scope of the work 
 

 

 

 

 

 

 

 

 

It is important to mention that benzimidazole and its derivatives promote intra and inter-

molecular interactions, such as hydrogen bonding and π-stacking, providing scope to the 

formation of molecular aggregates. Coordination behavior of benzimidazole, 2-substituted 

benzimidazoles and benzothiazoles, towards transition metal ions are well established in 

literature [74]. Looking into the important biological activities of the benzothiazole 

nucleus [75], and its similarities in binding modes with benzimidazole as well as 

availability of easy synthetic methods [76], we pursued the synthesis of ditopic monomers 

with it and used it for supramolecular polymer formation. 
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Figure 9 New ditopic monomers which contains 2,6-bis(benzthiazolyl)pyridine ligand as the 
binding unit 

 

In the scope of our work, synthesis of new ditopic monomers which contains 2,6-

bis(benzthiazolyl)pyridine ligand as the binding unit were planned (Figure 9). Literature 

reports motivated us to apply them for supramolecular polymer formation with Zn2+ ion. 

In Chapter B2, two ditopic ligands, one with rigid spacer 1,4-diethynylbenzene (M1) and 

other with a flexible hexyl chain (M2) are taken up for supramolecular polymer formation 

with Zn2+ ion. In Chapter B3 another ligand with a pentaethylene glycol chain as spacer 

(M3), which eventually folds on addition of K+ ion, is taken up for supramolecular 

polymer formation.  In Chapter B4, use of M2 is taken up as guest selective 

supramolecular receptor for resorcinol from other benzene metabolites. 
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Chapter B2 
 

SYNTHESIS AND OPTICAL PROPERTIES OF 
2,6-BIS(BENZOTHIAZOLYL)PYRIDINE BASED 
METALLO-SUPRAMOLECULAR POLYMERS  

 
 
 

 
 
Two new ditopic monomers that contain 2,6-bis(benzothiazolyl)pyridine  ligand as the 

binding moiety were synthesized. One monomer with a 1,4-diethynylbenzene as spacer  

leads to the formation of supramolecular conjugated polymers with Zn2+ metal ion. The 

other monomer with a simple hexyl chain also forms supramolecular polymeric system 

with Zn2+ ion but with less efficiency in comparison to the earlier one. UV visible and 

phtoluminescence spectroscopy along with viscosity measurements were used to follow 

the supramolecular polymer formation. Structure optimization of the binding moiety, in 

free monomer and in complex with Zn2+ ion form were done by DFT method. 
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B2.1 Prologue 

Many recent literatures report the synthesis, characterization and applications of various 

metallo-supramolecular polymers with different properties [1-5]. Recently, interest has 

been developed in synthesizing terpyridine ligand based metallo-supramolecular 

polymers since they form chelate with metal ions which increase the stability of the 

polymeric systems.  Schubert [6-8] as well as Rowan and Weder [9-10] are pioneers in 

this area with their significant contribution leading to a wide variety of structures and 

applications. Benzothiazole is an important molecule and this simple nucleus is present in 

compounds that possess interesting biological activities, such as in antitumor, 

antimicrobial, anthelmintic, antileishmanial, anticonvulsant and anti-inflammatory 

processes [11]. Even though benzothiazole based binding site synthesis is as easy as that 

based on benzimidazole, very few literatures are available where the use of former two as 

bonding site in supramolecular polymer formation are reported. We adopted a simple 

methodology [12] to synthesize  bis(2-benzothiadazolyl) pyridine based binding site to 

extend the idea of formation of metallo-supramolecular polymers constructing ditopic 

monomers out of it.  
 

 

 

 In this chapter, synthesis of two new ditopic monomers M1 and M2 (Figure 1) which 

contains 2,6-bis(benzothiazolyl)pyridine ligand as the binding moiety will be highlighted. 

Metallo-supramolecular   polymer formation by these two monomers upon self-assembly 

with  Zn2+  ion  will  be  discussed.  Experimental results of UV-visible spectroscopy, 
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Figure 1 Two diatopic monomers containing contains 2,6-bis(benzothiazolyl)pyridine as biniding 
moiety 

 
 
 
 

photoluminescence spectroscopy  and viscosity measurements were analyzed to follow the 

supramolecular polymer formation. Moreover, structure optimization of the binding 

moiety, in free monomer and in complex with Zn2+ ion are discussed supportive DFT 

calculations. 
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B2.2 Experimental section 

B2.2.1 Chemicals and solvents  
 

 

All chemicals unless otherwise mentioned were used as received. All solvents were used 

after purification by standard purification techniques [13]. Other chemicals were used as 

received. 
 

 

 

B2.2.2 Instrumentation 
 

 

 

UV visible spectra were recorded on a Perkin-Elmer Lambda 25 UV-Vis 

spectrophotometer at room temperature. Photoluminescence studies were done using a 

Varian photoluminescence spectrophotometer. Viscosity measurements were done in 

micro molar concentration using a m-VROC RheoSense, Inc.  viscometer.  
 

 

 

 

 

 

B2.2.3 Preparation of 2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand  
 

 

 

 

The 2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand has been prepared by using known 

route reported in the literature method (Scheme 1) [14-15].  

 Chelidamic acid (1.8 g, 9.83 mM) and 2-aminothiophenol (2.99 g, 23.89 mM) were 

dispersed in 20 mL orthophosphoric acid. The mixture was stirred and refluxed at 220°C 

for 14 hrs. After cooling to about 100°C, the hot mixture was poured to ice cold water and 

stirred for half an hour. The precipitate formed was filtered off and poured to hot 10 % 

Na2CO3.  The reaction mixture was stirred for 10 mins. The filtered product was acidified 

to a pH value of 4. Precipitate was again filtered, washed with water and recrystalised 

from methanol to yield  a greenish powdery compounds (> 90% yield).  

N

N

SS

N

OH

N

OH

COOHHOOC

+

H2N

HS

H3PO4

220 °C, 14 hrs.

 

Scheme 1 

B2.2.4 Synthesis of 2,6-bis(benzothiazolyl)-4-bromopyridine  

2,6-bis-benzothiazol-2-yl-pyridin-4-ol (1.0 g, 2.77 mM) was added to a round bottom 

flask attached with a reflux condenser (Scheme 2). A large excess of phosphorous 

oxybromide was added to the flask and the reaction was mixture was heated at 140 °C for 

16 hrs under a nitrogen atmosphere. The homogenous solution was then poured hot into 

water and the pH was adjusted to 8.0 by addition of 10 % NaOH solution. The mixture 

was  stirred  for  an  hour  and  the organic layer was separated out. The aqueous layer was 
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Scheme 2 

extracted with dichloromethane. Solvent was evaporated to yield the solid product (1.06 g, 

75 %).  
 

 

 

 

1H NMR (400 MHz, DMSO): δ 8.32 (s, 2H), 7.80 (m, 4H), 7.53-7.32(m, 4H) 

 13C NMR (400 MHz, DMSO): δ 158.20, 155.40, 152.00, 135.40, 133.65, 126.30, 125.62, 

123.30, 123.70, 118.18.  
 

 

 

 

 

B2.2.5 Synthesis of 2,6-bis(benzothiazolyl)-4-trimethylsilylethynyl 

pyridine  
 

 

 

2,6-bis(benzimidazolyl)-4-bromopyridine (1.0 g, 2.36 mM), Pd(PPh3)2Cl2 (0.08 g, 

0.12 mM), CuI (0.02 g, 0.12 mM), triethylamine (15 mL) and dimethylformamide (10 mL) 

were added to a flask with a reflux condenser and were purged with nitrogen for 30 mins 

(Scheme 3). The reaction mixture was heated to 55 °C and trimethylsilylacetylene (0.84 

mL, 5.90 mM) was added. Stirring was continued for an hour and the hot reaction 

mixture was poured into a saturated aqueous EDTA solution (100 mL) to which 

chloroform (20 mL) was added. After stirring for an hour the organic layer was separated 

out and the aqueous layer extracted with chloroform. The solvent was evaporated to give a 

brown solid. 
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Scheme 3 
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Purification was carried out by chromatography using a silica gel column with chloroform 

as the eluent, to yield a white yellow solid (1.005 g, 96.3 %).  
 

 

 

 

1H NMR (400 MHz, CDCl3): δ 8.23 (s, 2H), 8.12-7.70 (m, 4H), 7.50 (m, 4H), 0.26 (s, 9H) 

13C NMR (400 MHz, CDCl3): δ 156.20, 155.70, 147.56, 142.33, 138.84, 132.44, 128.79, 

127.95, 125.30, 115.69, 107.58, 106.98, -0.34. 
 

 

 

 

 

B2.2.6 Synthesis of 2,6-bis(methyl-benzothiazolyl)-4-ethynylpyridine  
 

 

 

2,6-bis(benzothiazolyl)-4-trimethylsilylethynylpyridine (0.75 g, 1.70 mM), aqueous 

KOH (25 mL, 20 %), tetrahydrofuran (25 mL, freshly distilled) and methanol (25 mL) 

were stirred at room temperature for 4 hours (Scheme 4). The organic layer was separated 

out and the aqueous layer was extracted with chloroform. The solvent was evaporated to 

give a brown solid. Purification was carried out by chromatography using a silica gel 

column with chloroform as the eluent, to yield a white solid (0.542 g, 80.5 %).  
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Scheme 4 

 

1H NMR (400 MHz, CDCl3): δ 8.26 (s, 2H), 8.02-7.52 (m, 4H), 7.43 (m, 4H), 3.3 (s, 1H)  

13C NMR (400 MHz, CDCl3): δ 156.43, 155.98, 147.78, 142.67, 138.38, 132.89, 128.99, 

128.15, 125.67, 115.93, 89.17, 86.10. 
 

 

 

 

 

 

 

B2.2.7 Synthesis of Monomer M1 
 

 

 

2,6-bis(benzothiazolyl)-4-ethynylpyridine (0.190 g, 0.51 mM), 1,4-diiodo-2,5-

dioctyloxybenzene (0.147 g, 0.25 mM), Pd(PPh3)4 (0.018 g, 0.015 mM), CuI (0.003 g, 

0.015 mM), toluene (8 mL) and diisopropylamine (3 mL) were added to a flask with a 

reflux condenser and the mixture was stirred at 70 °C for 22 hrs under nitrogen (Scheme 

5). The hot reaction mixture was subsequently poured into saturated aqueous EDTA 

solution (100 mL) to which chloroform (20 mL) was added. After stirring for an hour the  
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Scheme 5 

 

the organic layer was separated out  and the aqueous layer was extracted with chloroform. 

The solvent was evaporated to give an orange solid. Purification was carried out by 

chromatography using a silica gel column with 0.5 % methanol in dichloromethane as the 

eluent, to yield M1 as a yellow solid (0.220 g, 82 %).  
 

 

 

 

1H NMR (400 MHz, CDCl3): δ 8.63 (s, 4H), 8.12-7.99 (m, 8H), 7.71-7.46 (m, 8H), 7.26(s, 

2H), 4.29 (t, 4H, J=6Hz), 1.73-0.75 (m, alkyl chain)  

13C NMR (400 MHz, CDCl3): δ 155.03, 154.53, 129.62, 129.33, 126.64, 123.66, 122.27, 

117.88, 113.85, 80.06, 69.98, 32.02-14.31 (alkyl chain) 
 

 

 

 

HR-MS(ESI): 1068.3207 Analysis: C, 73.02; H, 5.12; N, 8.02; S, 11.08  λmax: 326 nm 

λEmission Max : 466 nm (ex. 336 nm) 
 

 

 

 

 

 

 

B2.2.8 Synthesis of Monomer M2 
 

 

 

2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand (2.0 g, 5.5 mM), 1,6-dibromohexane (0.19 

mL, 1.26 mM) and Na2CO3 (4.1 g) were dissolved into a 10 mL solution of DMSO and 

stirred at 90°C for 24 hrs (Scheme 6). After removing the heat, the mixture was poured  
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Scheme 6 

 

into 200 mL of half-saturated NH4Cl and washed with 100 mL of chloroform. The 

organics were collected and extracted again from a mixture of water and chloroform. The 
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organics were evaporated and the residue dried under vacuum. The material was purified 

via column chromatography (100:0 CHCl3:MeOH, 97:3 CHCl3:MeOH) to yield 0.8 g of 

product as a solid. (68% yield)  
 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ 8.06 (d, 4H, J=8 Hz), 7.88 (s, 4H), 7.36-7.43 (m, 8 H), 

4.24 (t, 4H, J=6.1 Hz), 3.67-3.69 (m, 4H) 

13C NMR (400 MHz, CDCl3): δ 166.89, 151.25, 150.64, 142.66, 137.35, 123.72, 122.99, 

120.34, 112.06, 110.10, 68.71, 29.43, 25.85 
 

 

 

 

HR-MS(ESI): 804.1502 Analysis: C, 67.42; H, 4.80; N, 9.53; S, 13.78  λmax: 320 nm λEmission 

Max : 378 nm (ex. 330 nm) 
 

 

 

 

 

B2.2.9 Metal titration studies 

UV visible spectra and photoluminescence spectra were recorded in solution phase at 

room temperature using 1:9 acetonitrile chloroform mixed solvent. Zn(ClO4)2 was as  Zn2+ 

slat. For both UV visible and photoluminescence studies, solution of monomers in a 

mixture of CH3CN/CHCl3 (1: 9 v/v) was titrated with aliquots of Zn2+ in increment of 0.1 

equivalents until 1:2 ratio of Monomer: Zn2+ where complex was formed and gradual 

spectral changes were observed.  
 

 

 

 

 

B2.2.10 Computational work for structural optimization 
 

 

 

 

There are two binding sites in each of the monomers M1 and M2. At one end, there are 

three possible orientations of the binding atoms in the binding site as a result of rotation 

of C-C single bond between the benzothiazole and pyridine aromatic rings (Figure 2). The 

three probable binding site orientations (I, II, III in Figure 2) were optimized by density 

functional theory [16-17] using Becke’s three-parameter hybrid functional with nonlocal 

correlation of Lee-Yang-Parr [18-19]. Pople’s basis set 6-31+G(d) was used for the 

calculations  where  diffuse   function  was  added  to  the heavier atoms i.e. C, N and S to  
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Figure 2 Orientations of binding atoms in structures considered for optimization. 
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account for the lone pair interactions which affect the dihedral angle between the 

aromatic rings. Frequency calculations using the same method and basis set were 

performed. All the calculations were performed without any symmetry constrains. To find 

out how Zn2+ binds, we considered the three orientations (IV, V, VI in Figure 2) of the 

binding site. Other possible structures should logically have intermediate energies 

between the two extreme cases of (IV) and (VI) while coordinating to Zn2+. We have also 

considered one intermediate case (V) for comparison. Following the same method of 

optimization, as described above, 1:2 stoichiometric complexes of Zn2+ ions with the three 

probable binding site orientations were calculated. All the calculations were carried out 

using Gaussian 03W program [20]. 
 

 

 

 

 

 

B2.3 Result and discussion 

B2.3.1 UV-visible studies  
 

 

Stages of the self-assembly could be followed by UV visible spectra.  Metallo-

supramolecular polymer formation by ditopic M1 and M2 were studied by titrating 0.1 

equivalent of Zn2+ aliquots per addition into a solution of the monomer in mixed solvent 

(1:9 acetonitrile/chloroform) and recording the changes in UV-visible spectra. 
 

 

 

 

 

 

B2.3.1.1 Titration of M1 with Zn2+ ion  
 

 

 

In case of M1, increasing concentration of the metal ion progressively decreased the 

intensity of the absorption band at 326 nm (λmax) (Figure 3). Another two shoulders were  
 

 

 

 

 
Figure 3 Family of UV visible spectra recorded upon titration of M1 (1 µM) in CH3CN/ 

CHCl3 (1:9 v/v) with 0 to 2 equivalents Zn2+ 
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observed at 364 nm and 398 nm that appeared to originate from the chromophore 

constituted by the 2,6-bis(benzothiazolyl)pyridine moiety and the 1,4-diethynylphenylene 

spacer. The peak at 326 nm got gradually red shifted, which is due to the formation of 

stable supramolecular complex between M1 and Zn2+. One new peak at around 494 nm 

was growing up gradually with additions of Zn2+ ion. The family of spectra clearly showed 

formation of an isosbestic point at 340 nm indicating the presence of species at 

equilibrium. It was observed that the spectral features reached a limiting value (where the 

spectral lines started to overlap on each other) around 2.0 equivalents of metal ions. It 

was noticeable that changes observed in the spectra from 1.1 to 2.0 equivalents metal were 

less compared to the initial ten additions. Significantly, one shoulder peak of M1 initially 

present at 364 nm gradually shifted to 374 nm while metal ion was added gradually from 

1.1 to 2.0 equivalents. This might have resulted due to the growth of distinct 1:2 complex 

of M1:Zn2+ by dissociation of the 1:1 complexes formed earlier.  Thus, the gradual decrease 

in the band intensity at 326 nm and formation of a new higher intensity band at 494 nm 

with a clear isosbestic point led us to infer the supramolecular association M1 with Zn2+. 
 

 

 

 

 

B2.3.1.2 Titration of M2 with Zn2+ ion  
 

 

 

Similar to M1, binding ability of the ditopic ligand M2 was evaluated by titrating 0.1 

equivalent of Zn2+ aliquots per addition into a solution of M2 in 1:9 acetonitrile and 

chloroform solvent mixture and the changes in UV-visible spectra were recorded. On 

increasing the concentration of the metal ion, the initial absorption band with λmax at 320  

 

 

 

 

 

Figure 4 Family of UV visible spectra recorded upon titration of M2 (1 µM) in CH3CN/ 
CHCl3 (1:9 v/v) with 0 to 2 equivalents of Zn2+ 

 
 

nm showed gradual decrease in absorption (Figure 4). This family of spectra showed 

formation of an isosbestic point at 343 nm indicating the presence of at least one species 
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at equilibrium. It was observed that the spectral features reached a limiting value only 

around 2.0 equivalents of metal ions (the changes observed in the spectra on addition of 

1.1 to 2.0 equivalents metal were very minor compared to the initial ten additions). Thus 

the gradual decrease in the band intensity at 320 nm and formation of a new higher 

intensity blue-shifted band at 360 nm with a clear isosbestic point was proof for the 

formation of metallo-supramolecular complex between monomer M2 and Zn2+. 
 

 

 

 

 

B2.3.2 Fluorescence Spectroscopy 
 

 

 

The metallo-supramolecular polymer formation by ditopic ligand M1 and M2 were 

studied by titrating 0.1 equivalent of Zn2+ aliquots per addition into a solution of the 

monomer in  1:9 acetonitrile and chloroform mixed solvent and recording the changes in 

photoluminescence  spectra. 

 

B2.3.2.1 Titration of M1 with Zn2+ ion  
 

 

 

 

The changes observed in the fluorescence spectra of a solution of M1 in acetonitrile and 

chloroform solvent mixture on adding up to 2.0 equivalents of Zn2+ showed a large  
  

 

 

 

Figure 5 Family of photoluminescence spectra recorded upon titration of M1 (1 µM) in 
CH3CN/CHCl3 (1:9 v/v) with 0 to 2 equivalents of Zn2+ 

 

quenching in intensity of the 466 nm band (Figure 5). This indicated interaction between 

M1 and Zn2+ by formation of metallo-supramolecular complex. The excited state was 

modified significantly leading to visual change resulted from high quenching of 

fluorescence (Figure 6). The spectra showed a significant gradual broadening. The 

changes observed in the fluorescence spectra on adding more than 1 equivalent of 

Zn(ClO4)2 aliquots to M1 were less insignificant, which is in good agreement with the 

results of UV visible titration results.  
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Figure 6 Visual changes observed under UV light while 2 equivalents of Zn2+ is added to M1 
 

 

 

 

 

 

B2.3.2.2 Titration of M2 with Zn2+ ion  
 

 

 

 

Fluorescence spectra of a solution of M2 in 1:9 acetonitrile and chloroform solvent 

mixture on addition Zn2+ ion up to 2.0 equivalents showed a large quenching in intensity 

of the 378 nm band (Figure 7). This quenching indicates interaction between M2 and Zn2+ 

ion. With gradual addition of the metal ions, the excited state was modified considerably 

leading to the quenching of fluorescence. The changes observed in the fluorescence 

spectra on adding more than 1 equivalent of Zn2+ aliquots to M2 were less significant, 

which is in good agreement with the results of UV visible titration.  
 

 

 

 

 
 
 
 
 
 

Figure 7 Family of photoluminescence spectra recorded upon titration of M2 (1 µM) in 
CH3CN/CHCl3 (1:9 v/v) with 0 to 2 equivalents of Zn2+ 

 

B2.3.3 Viscosity measurements 
 

 

 

 

 

 

Viscosity changes, on addition of Zn2+ ion, were measured for both M1 and M2 at low 

concentrations (1 µM). Acetronitrile and chloroform mixture solution (1:9) of M1 showed 

initial viscosity of 0.563 mPa s (Figure 8) . On gradual addition of Zn2+ ions, viscosity 

gradually increased. At 1:1 ratio of M1 : Zn2+, the viscosity reached a maximum value of  

1.12  mPa s. Increase of viscosity value was supportive of supramolecular polymer  
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formation by M1 upon addion of Zn2+ ion. On further addition of Zn2+ ion, the viscosity 

started decreasing from the maximum value. At 1:2 ratio of M1 : Zn2+, the viscosity found 

to decrease up to 0.743 mPa s. This observation led to comment that, at 1:1 ratio of 

M1:Zn2+, supramolecular polymer was formed which on further addition of metal ions 

dissembled and reached a minimum at 1:2 ratio. This is in good agreement with the 

changes observed in UV visible spectroscopy. Similar experiments with M2 resulted in 

similar trend. The viscosity of pure monomer solution increased to 0.660 mPa s in its 1:1 

complex with Zn2+ ion from original 0.532 mPa s value. Again, like in the case of M1, on 
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Figure 8 Gradual change in viscosity while M1 (red) and M2 (blue) were titrated with Zn2+ ion 
from 0 to 2 equivalents 

 

further addition of Zn2+ ion, the viscosity decreased to 0.560 mPa s in the 1:2 complex. 

But significantly, the increase in viscosity at 1:1 complex in much less in this case while  

compared with M2. This observation lead to think that due to the flexible spacer in M2, it 
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Figure 9 Possible cyclic association of M2 with Zn2+ ion 
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was not much effective in forming one dimensional polymeric system in comparison to 

M1. May be the flexible spacer helps in bending of the monomer M2 and reduces the 

number of possible monomer addition by formation of cyclic associations with less 

number of constitutional units (Figure 9). 
 

 

 

 

B2.3.4 Computational work for structural optimization 
 

 

 

 

 

The optimized structures of binding moiety with three different binding atom orientations 

and its 2:1 complex were found to be as shown in Figure 10. Geometry optimizations 

showed that in the free monomer, both the S atoms were present inside the binding site of 

the binding moiety and lead to minimum energy (III in Figure 10). This might be because 

of minimization of repulsion of the bigger S atoms with the π electron cloud of the 

pyridine ring while they were present inside the binding site. But in case of the 2:1 

complex of the binding moiety with Zn2+, the lowest energy orientation was found to be 

one, where all the N atoms are inside the binding site (IV in Figure 10) and coordinated to 

the metal ion. If smaller N atoms were present inside the binding site, Zn2+ ion got less 

hindrance and hence could approach maximum into the binding site. While bigger S 

atoms were present inside the binding site, maximum repulsion took place between the 

electron  cloud  of  the  metal ion and the electron clouds of the S atoms (VI in Figure 10). 

          

Figure 10 Optimized structures of binding moiety and Zn2+  complex of binding moiety 
with their respective relative energies   

 

 

 

 

 

This resulted in high energy situation and the binding moiety in complex VI is twisted 

where the dihedral angles between the aromatic rings found to be in the  range from 

28.92 to 30.36°.  In case of one intermediate situation (V in Figure 10), from among the  

other possible structural orientations, showed intermediate energy value as expected. 

Now it is evident that even though monomers M1 and M2 in its free states have the S 

atoms  inside  the  binding  site  at  both  the  ends  of   the monomer,  they cannot involve  
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in complexation in this way. While forming polymer by metal mediation, the binding 

atom orientations in side the binding site must be as shown in VI. (Add. Data 1-6, 

incorporated in the CD attached) 

 
 

 

B2.4 Concluding remark 

Two new monomers, M1 and M2 with benzothiazole based binding sites were synthesized 

and characterized. Both the monomers were found to self assemble in solution with Zn2+ 

ion forming metallo-supramolecular polymers. Experimental results showed that M1 was 

more effective in forming long supramolecular associations compared to M2. This 

difference in polymer forming ability was predicted to be due to the flexibility of the hexyl 

spacer part in M2 which might have led to cyclic associations of smaller numbers of 

monomers. The bis-benzthiazole based binding moiety on energy optimization showed 

that in uncomplexed free state, the bigger S atoms oriented inside the binding site. While 

they formed complex with metal ion, the smaller N atoms oriented inside.    
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Chapter B3 
 

GUEST SELECTIVE RECOGNITION OF 
RESORCINOL BY  

1,6-BIS(2,6-BIS(BENZOTHIAZOL-2-
YL)PYRIDINE-4-YLOXY)HEXANE 

 
  

 
 
 

 
Benzene and its metabolites induce breakage and rearrangement of chromosomes in 
human, animal and yeast cells leading to cancer. In this chapter, monomer 1,6-bis(2,6-
di(benzo[d]thiazol-2-yl)pyridin-4-yloxy)hexane is shown to be capable of selectively 
recognizing resorcinol from the other benzene metabolites like phenol, hydroquinone 
and catechol. Results of UV visible, photoluminescence and NMR spectroscopic 
techniques are discussed to establish this guest selective recognition. 
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B3.1 Prologue 

Molecular receptors can be defined as organic structures which can bind selectively ionic 

or molecular substrates (or both) by means of various intermolecular interactions to form 

a supramolecule. Receptor chemistry extends to all types of substrates: cationic, anionic, 

or neutral molecules of organic, inorganic, or biological nature [1]. Receptors recognize a 

guest by various supramolecular interactions [2-7]. Unlike covalent forces, these forces 

are weaker and are easily disrupted. Achievements of molecular recognition depend on 

the design of molecular receptors so that it can create numerous non-covalent binding 

interactions with the guest molecule and sense its molecular size, shape and architecture. 

Receptor should contain some intramolecular cavities, clefts or pockets to which guest 

molecule can fit in, which basically acts as the binding site to the guest molecule. Another 

significant point is the flexibility of supramolecular systems which is of great importance 

in biological receptor-substrate interactions. More selective a receptor for a particular 

guest, more useful for its application in separations. Therefore, designing receptors which 

selectively recognize toxic molecules is an important area of research. 

Benzene and its metabolites are carcinogens, known to cause the breakage and 

rearrangement of chromosomes in human, animal and yeast cells. Besides their 

carcinogenic properties, these metabolites of benzene are present in several naturally 

occurring biomolecules such as Coenzyme Q (CoQ), in the form of hydroquinone or 

quinone fragments in their structures, due to which they are able to undergo redox 

interconversions in the living cells [8]. In spite of their important relevance to biology, 

there are very few synthetic receptors that form supramolecular adducts with all these 

small phenolic compounds [9-10]. Synthetic receptor, 2,6-bis(benzimidazol-2-yl)pyridine,    
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Figure 1 1,6-bis(2,6-di(benzo[d]thiazol-2-yl)pyridin-4-yloxy)hexane ligand 
 

 

 

 

 

 

capable to recognize  phenol, catechol, hydroquinone and resorcinol was reported [11]. 

Here we report that ligand 1,6-bis(2,6-di(benzo[d]thiazol-2-yl)pyridin-4-yloxy)hexane 

(M2) (Figure 1) which contains 2,6-bis(benzothiazolyl)pyridine moiety as the binding unit 

and a aliphatic hexyl chain  as the spacer is capable of recognizing resorcinol             
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(guest) selectively among the other benzene metabolites like phenol, hydroquinone and 

catechol. Simple spectroscopic techniques such as UV-visible and photoluminescence 

spectra are used as tools to follow the selective recognition process.  
 

 

 

 

 

 

B3.2 Experimental Section 

B3.2.1 Chemicals and solvents 
 

 

 

All reagents were used as received without further purification unless otherwise 

mentioned. Solvents were used after purifications by standard purification techniques 

[12].  
 

 

 

 

 

 

B3.2.2 Preparation of ditopic ligand M2 
 

 

Ditopic ligand M2 has been prepared by a method as described in Chapter B2 (B2.2.8) of 

this thesis from 2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand  prepared by a known 

literature method [13-14].  
 

 

 

B3.2.3 Instrumentation  
 

 

 

UV visible spectra were recorded on a Perkin-Elmer Lamda 25 UV-Vis spectrophotometer 

at room temperature. Photoluminescence studies were done using a Varian Cary Eclipse 

Fluorescence Spectrophotometer. NMR experiments were done using a Varian Mercury 

400 MHz NMR spectrometer.  
  
 

 

 

 For both UV visible and florescence studies, solution of M2 was made in 1:1 acetonitrile 

and chloroform mixed solvent. Concentration of monomer was maintained at 6.67 x 10-5 

M for UV visible studies, and it was maintained at around 6.90 x 10-7 M for 

photoluminescence studies.  
 

 

 

 

B3.3 Result and discussion 

B3.3.1 UV visible spectroscopy 
 

 

 

 

The binding ability of receptor M2 was evaluated by titrating 0.1 equivalents of resorcinol 

aliquots into a solution of the receptor in dry acetonitrile/chloroform (1:1) at regular 

intervals and recording the changes in UV visible spectra. It was observed that on 

increasing the concentration of resorcinol, progressive decrease of intensity in the initial 

absorption band having λmax at 320 nm associated with the π-π* transition resulted. 

Concurrently, with gradual addition of the guest, a new peak at 282 nm with its shoulder 

at 277 nm developed gradually. The intensity of the peak positioned at 282 nm gradually 

increased and its shoulder finally came up as a distinct peak at 277 nm. This family of 
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spectra, as a result of addition of guest to the receptor, showed clear formation of an 

isosbestic point at 287 nm indicating the presence of at least one species at equilibrium.   

 

 
  

Figure 2 UV visible spectra of M2 during titration with resorcinol from 0-2 equivalents (v/v). 
Inset shows the titration profile of the band at 320 nm corresponding to M2: resorcinol H-bonded 

complex. 

 

This is well indicative for the formation of stable complex between receptor M2 and 

resorcinol. The inset in Figure 2 shows the changes in titration profile of the band at 320 

nm corresponding to M2:Resorcinol complex. Thus, the gradual decrease in the band 

intensity at 320 nm and formation of a new higher intensity blue-shifted band at 282 nm 

with a clear isosbestic point is proof for the formation of hydrogen-bonded complex 

between M2 and resorcinol. The association constant (Ka) for the 1:2 complex was 

calculated to be 617 M-1 using Eq.  1, [15]   where A0 is the absorbance of the monomer, A 

is the absorbance of the monomer-resorcinol complex, CM is the concentration of the 

monomer, CC is the concentration of the monomer-resorcinol complex and Cg is the 

concentration of the guest (resorcinol).       

 

                                                   

=
A0

A - A0

CM

CC  - CM

1

Ka Cg

+ 1

                                  (1) 

  

These observations indicate that there were interactions between the resorcinol and the 

receptor M2. The lower concentrations at which these spectroscopic changes were 

observed clearly reveal that receptor M2 possesses excellent properties as a host material 

for recognizing phenolic guests with high affinity. 
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Figure 3 UV visible spectra of 1: 2 complex of M with catechol, phenol, hydroquinone and  
resorcinol. 

 

 

 

 

Similar UV visible titration experiments of M2 were also performed with phenol, catechol 

and hydroquinone. Figure 3 shows the titration curves of 1:2 complex of receptor M2 with 

phenol, catechol and hydroquinone. Titration curve of M2 with resorcinol is also placed 

for comparison. Except in the case for resorcinol, other benzene metabolite neither 

showed formation of new peaks nor do they show decrease of absorption intensity upon 

addition to M2. While all (catechol, phenol, hydroquinone and resorcinol) were added 

together, change observed in UV- visible spectra was similar to the change as observed for 

only resorcinol. This clearly reveals selective binding of only resorcinol among the other 

benzene metabolites. 
 

 

 

 

 

B3.3.2 Photoluminescence spectroscopic studies 

 

 

 

 Fluorescence titration is an easy method to monitor the supramolecular host guest 

complexation. On gradual addition of resorcinol to a solution of M2 in acetronitrile and  

 

Figure 4 Emission spectra of M2 during the titration with resorcinol from 0-2 equivalents (v/v).  
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 chloroform (1:1) mixed solvent up to 2 equivalents of resorcinol shows significantly large 

quenching in fluorescence intensity of the 378 nm band (Figure 4). This indicates 

formation of the donor-acceptor complex between resorcinol and M2, where the excited 

state is modified leading to the quenching of fluorescence.  

The changes in the fluorescence spectra on adding further aliquots of resorcinol to M2 

were very minor. Therefore, formation of donor-acceptor supramolecular complex 

modifies the optical properties of M2 in solution and could be employed for probing 

neutral guests.  
 

 

 

 

 

 

B3.3.3 NMR spectroscopy 

 

 

 

 

NMR spectroscopic studies were performed to follow the supramolecular 

recognition process. NMR spectra were recorded in solution phase using 1:9 

acetonitrile and chloroform mixed solvent.   The receptor M2 originally contains 

peaks at δ 8.06 (d, 4H), 7.88 (s, 4H) and 7.36-7.43 (m, 8H) in the aromatic region 

(Figure 4).   Moreover, it contains two other significant peaks at δ 4.24(t, 4H) and 

3.67-3.69 (m, 4H)) resulting from the two different types of -CH2 protons nearer 

to the aromatic rings.  While M2 titrated with resorcinol, the peak at δ 8.06 

(benzene ring proton nearest to N atom) started shifting gradually towards up 

field and at 1:2 ratio of M1:resorcinol it finally reached a value of δ 8.00. One other 

aromatic multiplet also shifted to δ 7.20-7.36 form its original value of δ 7.36-7.43. 

The O-CH2 peak at δ 4.24 shifted towards maximum and reached δ 4.03. The CH2 

present next to this, initially showing a multiplet at δ 3.67-3.69 also got modified 

significantly  by  shifting  itself  to  δ 3.58-3.59  upon  addition  of  2  equivalents of  
 

 

 

 

 

 

 

Figure 4 Changes in NMR spectra of (a) M2 (b) M2 with 0.5 equivalent of Resorcinol (c) M2 with 
1.0  equivalent  of  Resorcinol  (d)  M2  with  1.5  equivalent   of  Resorcinol  and  (e)  M2  with  2.0  
                                                                   equivalent of Resorcinol  
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resorcinol. Another new peak at δ 6.64, which was initially absent in the M2 

spectra, started growing with gradual addition of resorcinol. This peak showed a 

regular broadening with an increase in its area. This is supportive of the formation 

of H-bonds between the monomer and the guest molecule. These changes in the 

spectral pattern, as observed clearly in the NMR titrations, definitely confirms 

association of resorcinol with M2 via hydrogen bonding interactions. 
 

 

 

 

B3.3.4 Plausible binding mechanism 

 

 

 

Chetia et al. [11] reported that 2,6-Bis(2-benzimidazolyl)pyridine (Figure 5a) has the 

ability to detect toxic benzene metabolites such as phenol, hydroquinone, resorcinol, 

catechol and p-benzoquinone from solution of acetonitrile. They also reported that the 

ligand was the highest affinity receptor which bonded hydroquinone solely through  

 

 

 

Figure 5 (a) Ligand reported by Chetia et al. (b) Selective binding of resorcinol by of M3 at 
binding sites. 

 

 

 

 

Hydrogen bonds (binding constant, 441 M-1). In our case, the two binding sites of the 

monomer M2 is much similar to that of the reported ligand (Figure 5b). M2 binds only 

with resorcinol selectively as confirmed by our spectroscopic measurements. Moreover, 

binding constant value (617 M-1) observed in this case is much higher. We propose that 

the two OH hydrogen of the resorcinol may be at a distance that may be appropriate to 

form a chelate complex by two  hydrogen bonds with the two N atoms of the binding site 

of M2 (Figure 5b). In earlier chapters also, we have seen that while forming metal 

complexes, the orientation of the N atoms preferably becomes inside the binding site. 
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Here, in the M2-resorcinol complexation, a similar orientation may be possible. This type 

of orientation will lead to stable supramolecular complex with M2 by virtue of its chelate 

formation. Hydroquinone and catechol, even though have two OH hydrogens, does not 

form such stable supramolecular complexes as the distance of the OH hydrogen atoms 

may restrict formation of chelate rings. Phenol, on the other hand, has only one OH group 

and therefore is incapable to form chelate ring type complex. Ligand M2 has the 

advantage of having at least two binding sites in it which can bind two resorcinol 

molecules simultaneously. Moreover, the parent ligand of monomer M2 (2,6-bis-

benzothiazol-2-yl-pyridin-4-ol ligand) had problem with solubility in common organic 

solvents. It may be due to presence of two S atoms in the big aromatic system. Therefore 

we could not apply the parent compound for similar recognition studies.  The hexyl spacer 

in M2 increases its solubility in common organic solvents enabling screening of the other 

benzene metabolites other than resorcinol.  
 

 

 

 

B3.4 Concluding remark 

In summary, M2 ligand has been shown as a guest selective receptor, capable of 

selectively recognizing resorcinol from among all the other toxic metabolites of benzene 

with high sensitivity and selectivity. Binding constant calculation shows M2 has high 

affinity for resorcinol due to chelate ring formation via hydrogen bonds. Simple method of 

preparation, selectivity with high sensitivity, significant binding strength and ease in 

molecular recognition makes M2 and exclusive and extremely efficient receptor for the 

detection of resorcinol.  
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Chapter B4 
 

SELF ASSEMBLING METALLO-
SUPRAMOLECULAR POLYMER AND 

FOLDAMER GELS ASSISTED BY ALKALI AND 
TRANSITION METAL  

 
 
 

 

 

 

 

 

 

 

 

A novel ditopic ligand having benzothiazole based binding site and pentaethylene glycol 

chain as a spacer shows remarkable propensity to fold in solution by supramolecular 

interaction selectively upon addition of K+.  Monomer – K+ folded unit self assemble 

upon addition of Zn2+ ion results supramolecular polymeric system. UV visible 

spectroscopy, fluorescence spectroscopy and viscosity measurements were used to 

follow the whole self assembly process. The 1: 1: 1 complex of Monomer : K+ : Zn2+ in 

high concentrations results in gel formation. This gel was characterized by 

morphological studies by FESEM macrograph and EDX measurements. Structure 

optimization of the Monomer – K+ folded system and energy optimization of the binding 

site after Zn2+ complexation were done using DFT calculations to support our 

experimentally observed results.  
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B4.1 Prologue  

Nature relies on large molecules to carry out sophisticated chemical operations, such as 

catalysis, tight and specific binding, directed flow of electrons, or controlled 

crystallization of inorganic phases. The polymers entrusted with these crucial tasks, 

mostly proteins but sometimes RNA, are unique relative to other biological and synthetic 

polymers in that they adopt specific compact conformations that are thermodynamically 

and kinetically stable [1]. Nowadays, inspired by folding properties of the biological 

molecules like proteins and others, chemists are actively engaged in the design, synthesis 

and detailed characterization of artificial systems that utilize non covalent forces to 

modulate folding and assembly [2-4]. Towards these goals, chemists have endeavored to 

intentionally generate unnatural oligomeric sequences that take on well-defined 

conformations in solution [5]. A term ‘foldamer’ is used for some synthetic oligomers that 

adopt ordered conformations in solution due to noncovalent interactions [6]. They often 

possess unique functionality resulting from their folded structures, similar to biological 

macromolecules [7-9]. Foldamers provide important insights into the fundamentals of 

noncovalent folding, which is of primary importance for understanding biological systems 

and developing novel self-assembling materials. The literature so far available in this 

comparatively new area report indirect solution phase spectroscopic methods supported 

by theoretical studies as the basic methodology to establish foldameric systems [10-11].  
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Figure 1 Ditopic monomer M3 comprising of 2,6-di(benzo[d]thiazol-2-yl)pyridine as binding site. 
 

 

 

 

 

 This work explains, selective binding of alkali metal and this alkali metal mediated 

folding of a monomer with non covalent interaction. The folded system further could be 

successfully self assembled by transition metal mediation to form novel supramolecular 

polymeric system.  Monomer M3, synthesized in our lab, folds up at the ethereal spacer 

part on addition of K+ ion (Figure 1). Subsequent self assembly of the M3 - K+ folded 

system on further addition of Zn2+ ion resulted a novel metallo-supramolecular polymeric 

system.   
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B4.2 Experimental Section 

B4.2 .1 Chemicals and solvents  
 

 

All chemicals unless otherwise mentioned, were used as received. All solvents including 

chloroform and methanol were used after purification by standard purification techniques 

[12].  
 

 

 

 

 

B4.2 .2 Instrumentation 
 

 

 

UV-Visible spectra were recorded on a Perkin-Elmer Lambda 25 UV Visible 

spectrophotometer at room temperature. Photoluminescence studies were done using a 

Varian photoluminescence spectrophotometer. Scanning electron microscopic images 

were recorded in a field emission scanning electron microscope. Samples were prepared 

on small glass plate wrapped with aluminum foil. The samples were next dried under 

vacuum. Before analysis the samples were coated with gold. Transmission electron 

microscopic studies were done using a JEOL 2100 transmission electron microscope. 

Viscosity measurements were done in micro molar concentration using a m-VROC 

RheoSense, Inc  viscometer.  
 

 

 

 

B4.2 .3  Preparation of bis-p-Tosyl-penta(ethyleneglycol) from 

pentaethyleneglycol 
 

 

 

 

HO O O O O OH Ts O O O O Ts

NaOH, p-TsCl

DCM  

Scheme 1 
 

 

 

Pentaethylene glycol (1.13 g, 4.74 mM) was dissolved in DCM and in ice cold condition p-

TsCl (3.0 g, 15.73 mM) was added to it and stirred for 20 mins. Then in cold condition 

powdered NaOH (3.0 g) was added and stirred. After 12 hrs, ice cold water and DCM was 

added to the reaction mixture. The organics were collected and the water part was 

extracted with DCM repeatedly. Solvents were evaporated and the residue was dried 

under vacuum. The product was purified via column chromatography (100:0 Hexane : 

Ethylacetate, upto 50:50 Hexane : Ethylacetate) to give 2.4 g of the product. (93% yield) 
 

 

 

 

1H NMR (400 MHz, CDCl3): δ 7.77 (d, 4H), 7.32 (d, 4H), 4.12 (t, 4H), 3.66 (t, 4H), 3.55-

3.57 (m, 12H), 2.41 (s, 6H). 

13C NMR (400 MHz, CDCl3): δ 144.7, 132.7, 129.7, 127.8, 70.6, 70.5, 70.3, 69.1, 68.4, 21.5. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

B4.2 .4  Preparation of bisiodo(ethylene glycol) 
 

 

 

Bis-p-Tosyl-penta(ethylene glycol) (1.00 g, 1.83 mM) was dissolved in acetone and slowly 
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I O O O O ITsO O O O O OTs
Acetone

NaI

 

Scheme 2 
 

 

 

 

NaI was added to the solution and stirred for 48 hrs. Water was added after removal of 

the solvent and the product was extracted using chloroform. The solvent was evaporated 

to give the product to yield 0.8 g of product as a liquid. (96% yield) 
 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ 3.73 (t, 4H), 3.24 (t, 4H), 3.64-3.65 (m, 12H) 

13C NMR (400 MHz, CDCl3): δ 70.6, 70.5, 70.3, 69.1, 68.4. 
 

 

 

 

 

 

 

 

 

 

 

B4.2 .5 Preparation of monomer M3 
 

 

 

 

2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand (2.0g, 5.53 mM) and bisiodopenta (ethylene 

glycol) (0.58 g, 1.26 mM) were dissolved into a solution of Na2CO3 (4.1 g) in 10 mL of 

DMSO and stirred at 90°C for 24 hrs. After removing from heat, the mixture was poured 

into 200 mL of half-saturated NH4Cl and washed with 100 mL of chloroform. The 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3 
 

 

 

 

 

 

 

organics were collected and extracted again from a mixture of water and chloroform. 

Solvents were evaporated and the residue dried under vacuum. The material was purified 

via column chromatography (100:0 CHCl3:MeOH 97:3 CHCl3:MeOH) to yield 0.8 g of 

product as a solid. (68% yield) 
 

 

 

 

1H NMR (400 MHz, CDCl3): δ 8.01 (d, 4H, J=8 Hz), 7.89 (d, 4H, J=6.4 Hz), 7.87 (s, 4H), 

7.44 (t, 4H, J=6.6 Hz), 7.35 (t, 4H, J=7.4 Hz), 4.37 (t, 4H, J=6 Hz), 3.75 (t, 4H, J=6.2 Hz), 

3.93 (t, 4H, J=6 Hz), 3.71-3.68 (m, 8H). 

13C NMR (400 MHz, CDCl3): δ 168.73, 166.08, 154.33, 152.70, 136.63, 126.37, 125.85, 

123.81, 122.08, 108.39, 71.2, 70.8, 69.2, 68.4. 
 

 

 

HR-MS(ESI): 924.1621 Analysis: C, 63.28; H, 4.52; N, 10.22; S, 15.34  λmax: 322 nm 

λEmission Max : 387 nm (ex. 332 nm) 
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B4.2 .6  Metal titration studies 
 

 

UV-visible spectra and photoluminescence spectra were recorded in solution phase at 

room temperature using 1:9 acetonitrile chloroform mixed solvent. For both UV visible 

and photoluminescence studies, solution of M3 in a mixture of CH3CN/CHCl3 (1: 9 v/v) 

was titrated with aliquots of KSCN in a solution of the same composition.  Changes were 

monitored till 1: 1 ratio of M: K+ is reached.  At a 1:1 ratio of M: K +, started adding 

aliquots of Zn2+ in increment of 0.1 equivalents. The addition was done until 1:1:1 ratio of 

M: K +: Zn 2+ where a novel metallo-supramolecular complex has formed.  
 

 

 

B4.2 .7  Computational work or structural optimization 

 

 

Binding moiety orientation of M3 is the same as we discussed earlier in case of M1 and 

M2 in the Chapter B2. 

 

  

                                     

Figure 2 Three different configurations taken up for DFT calculation 

 

The electronic structure calculations for M3-K+ were performed by choosing three 

different binding atom orientations out of the all possible orientations (Figure 2) with 

density functional theory [13-14] applying the ONIOM methods [15-16]. We choose the 

two extreme possibilities, one with both the N atoms inside the binding site at each of the 

ends ( I in Figure 2) and the other with both the S atoms inside the binding site at each of 

the ends ( III in Figure 2). Another intermediate possibility is also considered for energy 

value comparison (II in Figure 2). The molecular system was divided into three layers for 

geometry optimization (Figure 3). In all the three layers, Becke’s three parameter hybrid 

functional [17] with nonlocal correlation of Lee-Yang-Parr [18] was employed. Layer 1, 2 

and 3 contains Model 1, Model 2 and Model 3. Model 3 is  the real system (Figure 3). The 

model 1 was treated with 6-31G(d,p) basis set, model 2 with 6-31G(d) and the fully real 

model (model 3) was treated with 3-21G while the sulfur atoms were treated with 3-

21G(d) basis set. Small difference in the basis sets between model 1 and model 2 was 

maintained as both are involved as active centers. Single point  

TH-1079_PJGOUTAM



 

SELF ASSEMBLING METALLO-SUPRAMOLECULAR  

104 
 

 

 

  

Figure 3 Division of the layers of molecular system for DFT calculation 

 

calculations were performed with B3LYP/6-31+G(d,p) on the optimized geometries for 

energy correction. All the calculations were carried out using Gaussian 03W program [19]. 
 

 

 

 

 

B4.3 Result and discussion  

B4.3.1 UV- visible spectroscopy 
 

 

Different stages of interaction of M3 with metal ions are followed by UV-visible 

spectroscopy. The monomer M3 has absorption at λmax 322 nm (Figure 2a). Addition of K+ 

ion in increments of 0.1 equivalents gradually decreases the absorption of M3 at 322 nm 

and a new broad peaks starts growing at 365 nm with clear formation of an isosbestic 

point at 345 nm(the violet curves in the spectra). This observation establishes the 

formation of M-K+ complex. While the M-K+ reached near 1:1, the change in absorption 

become almost saturated, as evident from the titration profile (inset of Figure 2a). This 

indicates that at 1:1 the maximum interaction between the monomer and K+ ion is 

possible. At this stage, to the M-K+ complex, Zn2+ ion is added in increments of 0.1 

equivalents. This further reduces the absorption intensity of M at 322 nm and the 

absorption at 365 nm is enhanced gradually. This implies interaction of M-K+ complex 

with Zn2+ ion. The titration profile (inset of Figure 2a) shows this change is much more 

prominent than the change with K+ ion. The same experiment was performed in the 

reverse order where Zn2+ ion is added in increments of 0.1 equivalents prior to addition of  
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Figure 2 UV visible spectra of titration of (a) M3 with K+ ion and then with Zn2+ ion (b) M3 with 
Zn2+  ion and then with K+  ion (c) M3 with Na+ ion and then with Zn2+ ion 
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K+ ion (Figure 2b). Similar to the earlier case, absorption maxima at 322 nm decreases 

gradually with growing of a new broad peak at 365 nm with gradual addition of Zn2+. The 

same peaks continue to grow while K+ ion is added further. From the titration profile 

(Inset of Figure 2b) it is clear that Zn2+ changes the absorption maxima at 322 nm more in 

comparison to the K+ ion. But growth of the new peak is influenced equally by both Zn2+ 

and K+ ion. Another titration, adopting similar methods was done with Na+ ion where 

neither significant change is absorption maxima at 322 nm nor growing of another peak is 

seen with addition Na+ ion (Figure 2c). Further addition of Zn2+ again changes the 

absorption spectra similar to the earlier two experiments. This chemoselectivity of M3 

towards K+ ion is significant as selectivity of chemical species towards any among K+ and 

Na+ is of biological importance [20-21].  
 

 

 

 

 

 

B4.3.2 Photoluminescence spectroscopy 
 

To confirm the self assembly process further, photoluminescence spectroscopic studies 

were performed. Photoluminescence spectra of M3 show a peak at 387 nm (Figure 3a). 

The formation of supramolecular polymeric system in two steps is also followed by 

changes in photoluminescence spectra on addition of the metal ions. The 

photoluminescence intensity decreases gradually upon addition of K+ ion is indication of 

an interaction between M3 and the K+ ion. The original intensity significantly decreased 

from 577 to 407 nm.  In the next step, while the M3-K+ complex is further titrated with 

Zn2+ ion the intensity further decreased to 330 unit while the M3 : K+ : Zn2+ ratio reaches 

1:1:1. This gradual decrease in photoluminescence intensity of M3 upon addition of K+ 

and Zn2+ respectively, put forward clear evidence of electronic interaction between the 

monomer and the metal ions. Similar results were obtained while we did the reverse 

experiment by adding Zn2+ ions before adding K+ ion. Interestingly, Na+ ion could not  

 

 
  

Figure 3 Pl spectra of titration (a) M3 with K+ ion and then Zn2+ ion (b) M3 with Na+ ion 
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change the photoluminescence intensity and there by again confirms the selectivity of the 

monomer towards K+ ion (Figure 3b).   

 

 

 

B4.3.3 Viscosity measurements 

 

 

 

Viscosity measurements, in micro molar concentration, establish the different stages of 

complexation. Mixture solvent (1:9, acetonitrile : chloroform) has viscosity  0.50 mPa s 

(Figure 4). The micromolar solution of M3 in this solvent system shows viscosity of 0.66 

mPa s. On gradual addition of K+ ion to the monomer solution the viscosity gradually 

decreases and at 1:1 ration of M3 : K+ it reaches a minima of 0.63 mPa s. This decrease of 

viscosity is in agreement with our prediction of folding of M3 upon addition of K+ ion. The 

original surface area of M3 on folding decreases and it causes the decrease in viscosity of 

the system. Again while Zn2+ ion is added gradually to the M3- K+ complex, the viscosity 

increases rapidly to a maximum of 0.80 mPa-s on addition of 1 equivalent of Zn2+. This is 

evidence for the formation of supramolecular polymeric system by the M3 – K+ complex. 

On further addition of Zn2+ ion, the viscosity again starts decreasing from the maximum 

value and at 2 equivalents it reaches 0.75 mPa s. This is because of the disassembling of 

the polymeric system which is common in case of metallo-supramolecular polymers. 

These observations lead to inference that M3-K+ moiety self assemble with Zn2+ ion to 

form a novel metallo-supramolecular polymeric system. 

 

Figure 4 Changes of viscosity of M3 on addition of K+ ion and then Zn2+ ion 
 

 

 

 

 

 

B4.3.4 Gel Formation 

 

 

 

 

 

The monomer M-K+-Zn2+ assembly, in high concentration changes to gel form (Figure 

5a). Heating the gel up to 45 °C changes it to sol form, which upon cooling forms back the 

gel reversibly (Figure 5b). The gel is characterized by FESEM micrographs. The common  
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Figure 5  (a) Gel formation by 1:1:1 complex of M3 : K+ : Zn2+  (b) Conversion of the gel to sol form 
upon treatment up to 45°C. 

 

 

Figure 6  (a) FESEM image gel (b) FESEM image of dried gel (c) TEM image of gel and (d) EDX 
pattern of the gel formed  by 1:1:1 complex of M3:K+:Zn2+ 

 

feature of fiber formation was very much prominent in the gel (Figure 6a). The xerogel, 

off white in color, is also characterized by FESEM micrograph (Figure 6b). TEM images 

also reveal the fiber like formation in the gel material (Figure 6c). EDX fitted with TEM 

showed the presence of the elements that compose the monomer (Figure 6d). The thermo 

reversible gel, on mechanical shaking also changes to sol form in a reversible manner 

(Add. Data 7, incorporated in the CD attached)  
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B4.3.5 Structure optimization (Calculated Results)  
 

 

 

 

We have seen from the structural optimizations that monomer M3-K+ moiety is resulted 

by folding of the monomer M3 at the ethereal part and trapping the K+ ion inside (Figure 

7). The M3-K+ folded moiety, before addition of Zn2+ ion took a orientation, where the S 

atoms are inside the binding site at both the ends of the monomer (C in figure 7). This is 

similar to our observation in Chapter B2, where the binding moiety (being same as M1 

and M2) S-atoms were inside the binding site when it is free. As mentioned in Chapter B2, 

the binding moiety of M3 changed its orientation while it formed complex with Zn2+ ion. 

In the Zn2+ complex of the binding moiety, the smaller N atoms oriented inside the 

binding site so that the repulsion is minimized (as N atoms are similar than S atom) and 

form bonds with Zn2+.  Similar must be the case while M3-K+ moiety is involved in 

polymer formation by Zn2+ mediation. At both the ends, the N atoms must orient inside 

the binding site while the M3-K+ folded system will involve in metallo-supramolecular 

polymer formation. 

 
Figure 7  Optimized structures for M3-K+ complex with their respective relative energy values 

(Add. Data 8-10, incorporated in the CD attached) 
 

 

 

 

 

 

 

B4.4 Concluding remark 

The newly synthesized monomer M3 consists of two main structural parts. The spacer 

part pentaethyleneglycol, with its two ends attached to two aromatic heterocyclic 

(benzo[d]thiazol-2-yl)pyridine based moieties has total six oxygen atoms present in the 

spacer part. This makes the molecule open crown ether, which can interact with K+ ion 

with its usual affinity. On the other hand the benzothiazol part is a good binding site for 

transition metal. Therefore, the folded M3-K+ moiety when titrated with Zn2+ ion self 

assemble to give a novel metallo-supramolecular polymeric system. To confirm the whole 
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self assembly process of M3 with two different types of metal ions (alkali metal ion and 

transition metal ion) in two different binding sites and for structural optimization, DFT 

calculation method was applied and results found were very much supportive of the 

inferences taken from the experimental studies. 
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1H NMR of P3HT (Chapter A2) 

 
 

 

 

 

13C NMR of P3HT (Chapter A2) 

 
 

 

 

 

1H NMR of M1(Chapter B2) 
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13C NMR of M1 (Chapter B2) 

 

 

 
 

 
 

 

 

 

 

 

1H NMR of M2(Chapter B2) 
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13C NMR of M2 (Chapter B2)  

 

 

 

 

 

 

 

 
 

 

 

 

 

1H NMR of M3(Chapter B4) 
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13C NMR of M3 (Chapter B4)  
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