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PREFACE 

Ease of synthesis and film forming ability or ease of processability are very important 

properties that are highly desirable in organic semiconducting materials. Reasonably high 

molecular weight is a pre-requisite for polymeric semiconducting materials to attain this goal 

of easy processability. But unlike acrylic or vinylic polymers where this is true, in main chain 

semiconducting polymers, the -π stacking interaction of the aromatic core results in reduced 

solubility and hence reduced solution processability. The -π stacking interaction is a major 

hurdle to develop film forming polymers especially for n-type semiconducting materials like 

perylenebisimides. Perylene and naphthalene bisimides (PBI/NBI) have been attracting 

considerable attention as good n-type organic semiconductors because of its outstanding 

photophysical properties, thermal stability and ability to self-organize. Although a number of 

PBI main-chain polymers have been reported, most of them are only soluble in special 

solvents such as concentrated sulphuric acid or m-cresol, mainly due to the strong π-π 

stacking interaction. Another important bottleneck in the development of suitable polymeric 

materials for photovoltaic applications is the lack of an easy synthetic process whereby donor 

and acceptor incorporated polymers can be developed. An alternate method would be to 

blend acceptor molecules like perylenebisimide derivatives with donor polymers like poly(p-

phenylenevinylene) (PPV) or polythiophene (PT) so as to obtain spin coatable films, but this 

method suffers from phase separation problems.  

M. Jayakannan et.al investigated the reactive blending of bisphenol A polycarbonate 

(PC) with [poly(1,4-cyclohexylenedimethylene-1,4-cyclohexanedicarboxylate)] (PCCD) via 

a new high-temperature solution-blending methodology. This high-temperature solution-

blending involved dissolving PC and PCCD in minimum amounts of a high boiling solvent 

like ortho-dichlorobenzene (ODCB) and heating at high temperature (150-185C) in presence 

of a transesterification catalyst. They showed that ester-carbonate interchange occurred via 

transesterification in these blends. Using model reactions they showed that both alcoholysis 

and transesterification were amenable under these reactive blending conditions. We were 

motivated to apply this methodology to incorporate suitably functionalized semiconducting 

materials – both donor and acceptor type, on commercially available polyesters backbone. 
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This thesis has been divided in to four major sections: 

1. Synthesis of a series of random donor-acceptor copolymer incorporating oligo(p-

phenylenevinylene) (OPV) and perylenebisimide (PBI) by a facile one-pot high-

temperature solution-blending approach. 

2. Study the chirality induced self-assembly of linear π-conjugated systems like 

oligo(p-phenylenevinylene) in solid state. 

3. Development of a novel luminescent flexible film and nanofibers for advanced 

photonic applications. 

4. Study the photo-induced energy transfer and photo-induced charge separation in 

the donor-acceptor polyesters. 

 

This thesis work has been organized in six chapters. Chapter-1 start with a brief 

introduction to organic semiconductors and their application in organic devices. Detailed 

literature surveys on different types of organic semiconductors which are commonly used in 

electronic devices, their properties and limitations have been discussed. This chapter provides 

literature survey on the self-assembly of π-conjugates in solid state and one-dimensional (1D) 

self-assembly of organic molecules and their application in electronic devices. The energy- 

and electron-transfer process in donor-acceptor system is discussed. Towards the end, 

reactive blending has been discussed as an important approach for synthesizing new polymer 

for scale-up and commercialization. 

In the second chapter, a high-temperature solution-blending process has been used to 

synthesize a series of copolymers incorporating varying mole ratios of perylenebisimide 

(PBI) into the backbone of an engineering thermoplastic polyester [Poly(1,4-

cyclohexylenedimethylene-1,4-cyclohexanedicarboxylate)] (PCCD). A random donor-

acceptor copolymer incorporating oligo(p-phenylenevinylene) (OPV) and PBI was also 

synthesized.  The chemical incorporation of these chromophores into the polyester backbone 

was proved by carrying out the melt polycondensation from the monomers 1,4-

cyclohexanedimethanol (CHDM) and 1,4-dimethylcyclohexane dicarboxylate (DMCD) with 

varying mole ratios of terminal hydroxyl functionalized PBI and OPV derivatives. Polymers 

synthesized using high-temperature solution-blending approach possessed the required thin 

film processability. The structural differences between the polymer synthesized by high-

temperature solution-bending and melt polycondensation were studied.  
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The third chapter describes the synthesis and self-assembly of a series of copolyesters 

incorporating varying mol ratios of an achiral oligo(p-phenylenevinylene) (OPV) into the 

backbone of a chiral poly(ʟ-lactic acid) (PLLA) via high-temperature solution-blending. 

Absorption, emission and lifetime-decay studies showed that OPV chromophore was highly 

aggregated in the solid state. Circular dichroism (CD) spectroscopy, scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) studies revealed that the PLLA-

OPV copolyester formed self-assembled architecture in which the helical organization of the 

achiral OPV segments was dictated by the chiral PLLA segments. The observed CD signal 

and AFM image accounted for right-handed helical self-assembly of OPV chromophore in 

the solid state. These results confirmed the effect of chiral PLLA segment on tuning the OPV 

chromophore packing and supramolecular chirality in molecular aggregates. The 

methodology illustrated here provides opportunities for the design of a new class of 

hierarchical self-assembled architectures based on organic π-conjugated materials and the 

manipulation of their optical properties. Strong blue and green fluorescent nanofibers of 

copolyester incorporating OPV chromophore were successfully constructed by 

electrospinning technique.  

 

The fourth chapter deals with the synthesis of a series of high molecular weight 

random copolyesters of PLLA and PCCD incorporating varying mol ratios of 

perylenebisimide (PBI) into the backbone of PLLA and PCCD via high-temperature 

solution-blending. The polymers were characterized by 1H NMR spectroscopy and size 

exclusion chromatography (SEC) and their bulk properties were investigated by differential 

scanning calorimetry (DSC) and wide-angle X-ray diffraction (WXRD). These polymers 

showed good solubility in common organic solvents and formed free-standing transparent 

and flexible films. Bright red photoluminescence was observed for all these films upon 

irradiation with ultraviolet radiation. The photophysical properties were studied using steady-

state UV-vis absorption and fluorescence spectroscopy in solution as well as in solid state. 

Strong red fluorescent nanofibers of these polymers were successfully constructed by 

electrospinning technique. The nanofiber fabricated from random copolyester incorporating 

both OPV and PBI exhibited blue, green and red emission upon excitation at different 

wavelengths. The luminescent colour of the nanofibers can thus be tuned by the suitable 

choice of chromophores. The approach described here is easily adoptable for a wide range of 
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π-conjugated chromophores to achieve the goal of easy fabrication to 1D nanostructure with 

strong photoluminescence. 

 

In the fifth chapter, novel copolyesters consisting of oligo(p-phenylenevinylene) 

(OPV) as donor (D) and perylenebisimide (PBI) as acceptor (A) were synthesized by melt 

polycondensation. Photo-induced energy transfer and photo-induced charge separation in 

these polyesters were studied in solution as well as in the solid state. Selective excitation of 

OPV moiety resulted in the energy transfer efficiency of > 90% from OPV to PBI 

chromophore in the solution state. The photo-induced energy transfer process in solution state 

was supported by fluorescence lifetime decay studies. The HOMO and LUMO values of 

polyesters were calculated from cyclic voltammetry. A strong fluorescence quenching (~ 100 

%) of both chromophores in solid state indicated an efficient photo-induced charge transfer 

after photoexcitation of either donor or acceptor. Reactive blend of donor/acceptor 

copolyester was also prepared by the transesterification reaction between donor and acceptor 

alone copolyesters. The energy transfer efficiency from donor to acceptor moiety upon 

selective excitation of donor chromophore in the donor/acceptor copolyester blend was four 

times higher compared to a physical mixture of donor and acceptor alone copolyesters, which 

gives the direct proof for the transesterification reaction in polyester/polyester  reactive 

blending. 

 

The last chapter summarizes the outcome of research work carried out in the Ph.D. 
thesis. 
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1.1. General Introduction to Organic Semiconductors 
 

Organic electronics has emerged as a vibrant field of research and development, and 

technology.1-6 An organic semiconductor is an organic material with semiconductor 

properties, that is, with an electrical conductivity between that of insulators and metals. This 

means the traditional (semi)conducting inorganic materials such as silicon, copper or metal 

oxides are replaced by organic materials (small molecules, oligomers or polymers). In 

comparison to the inorganic counterparts, organic materials possess reduced conducting 

properties, but they exhibit a lot of advantages that enable novel applications, such as organic 

devices on flexible or transparent foils.7, 8 The fabrication of organic devices is simple: the 

organic material is deposited on top of a transparent electrode and eventually a cathode is 

evaporated. The final device is extremely thin and thus lightweight. Generally there are two 

competing processing technologies: (1) gas-phase deposition (such as thermal evaporation of 

small molecules) and (2) solution-based methods (such as printing of “organic inks”). 

Whereas the first method allows for easy processing of several materials on top of each other, 

the second promises cost-effective and fast production.8, 9 Organic electronics is still a young 

field of technology including devices such as organic field effect transistors (OFETs), organic 

solar cells (OSC) or organic light-emitting diodes (OLEDs). These devices enable new 

applications and design possibilities, for example in the field of portable electronics, large 

area lighting, flexible displays or energy production. 

1.2. Organic photovoltaic Materials 
 

The need to develop inexpensive renewable energy sources stimulates scientific 

research for efficient, low-cost photovoltaic devices.10 Currently, most commercial solar cells 

are made from a refined, highly purified silicon crystal, similar to the material used in the 

manufacture of integrated circuits and computer chips (wafer silicon). The high cost of these 

silicon solar cells and their complex production process has generated interest in developing 

alternative photovoltaic technologies.11 Organic solar cell technology is a promising 

candidate for the solar energy conversion compared to its inorganic counterparts due to its 

low cost, light weight, and potential use in flexible devices.10-15 Like inorganic PVs, organic 

devices are made by creating interfaces of an electron-rich material (p-type) with an electron-

poor material (n-type). The bulk heterojunction (BHJ) solar cell has become one of the most 

successful device structures developed to date. In this device structure, the blend of donor and 
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acceptor or donor-acceptor polymer is used as active layer. The chemical structure of various 

conjugated polymers and oligomers commonly used in organic solar cell have been 

summarized in the scheme 1.1.8  

 

Scheme 1.1. Various conjugated polymers and oligomers used in organic solar cells 

(Adapted from Chem. Rev. 2007, 107, 1324-1338). 

Important representatives of hole conducting semiconductors are phthalocyanines, 

pentacene, oligothiophene, oligofluorene, oligo(phenylenevinylene), derivatives of thiophene 

chains such as poly(3-hexyl thiophene), derivatives of phenylenevinylene backbones such as 

poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene) (MDMO-PPV) and 

derivatives of fluorene backbones such as (poly(9,9′-dioctylfluorene-co-bis- N,N′-(4-

butylphenyl-1,4-phenylenediamine) (PFB) etc.8 Much of the focus has been on the 

development of p-type semiconductors that have seen a dramatic rise in performance over the 

last decade. Much less attention has been devoted to electron transporting materials. The 

reported n-type organic semiconductors are PCBM (phenyl-C61-butyric acid methyl ester), 

perylenebisimide, naphthalanebisimide and perfluoropentacene etc. The most used acceptor 

material in organic solar cells is PCBM, which is soluble in organic solvents.16, 17 The success 
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of PCBM as a champion acceptor for OSCs is due to its ability to accept electrons from 

semiconducting polymers at ultrafast time scales, and the nano-scale interpenetrating network 

that it forms with these polymers. However, PCBM suffers from disadvantages including 

high energy costs for material production and poor absorption in the visible spectrum. 

Perylene and naphthalene bisimides (PBI/NBI) have been attracting considerable attention as 

good n-type organic semiconductors because of its out-standing photophysical properties, 

thermal stability, and ability to self-organize.18-23 

1.3. Operating principles of organic solar cell 
 

This section will deal with the material and device requirement for one of the organic 

photovoltaic device i.e solar cell.24, 25 The process of conversion of light into electricity by an 

organic solar cell can be described by the following steps: absorption of a photon leading to 

the formation of an excited state, that is, the bound electron-hole pair (exciton) creation; 

exciton diffusion to a region where exciton dissociation, that is, charge separation occurs; and 

charge transport within the organic semiconductor to the respective electrodes.8 The photo-

induced charge transfer from poly(p-pheneylenevinylene) (PPV) (donor) to C60 (acceptor) is 

depicted schematically in figure 1.1 together with the energetic description. 

 

Figure 1.1. Illustration of the photo-induced charge transfer (left) with a sketch of the energy 

level scheme (right). After excitation in the PPV polymer, the electron is transferred to the 

C60 due to its higher electron affinity (Adapted from J. Mater. Res. 2004, 19, 1924-1945). 

Donor and acceptor molecules must be well-mixed in bulk heterojunctions on the 

length scale of 10-20 nm in each domain because exciton recombination significantly 

increases when the domain sizes of the donor or acceptor materials exceed the exciton 
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diffusion length.26, 27 The charge carrier mobilities of crystalline organic semiconductors are 

higher than amorphous semiconductors because of strong π-π interactions.28, 29 But, the 

photovoltaic properties of crystalline conjugated polymers with higher carrier mobilities are 

not always good due to macrophase separation of the active layers during post-fabrication 

treatment process.30, 31 Active layers consist of conjugated polymers as donors and fullerenes 

as acceptors often form complicated morphologies that typically arise from limited 

polymer:fullerene miscibility, resulting in phase-separated polymer and  fullerene-rich 

domains.32, 33 An active layer incorporating phase-separated domains in a  solar cell can affect 

the device performance because these domains  provide not only interfaces for charge 

separation of photogenerated excitons but also percolation pathways for charge carrier 

transport to the respective electrodes. The former requires a fine dispersion of fullerene units 

in the polymer, due to the short exciton diffusion length in the polymer (≤ 10 nm), while the 

latter requires fullerene domain to form complementary interpenetrating networks for charge 

transport to the respective electrodes to avoid charge recombination.34  

 

Figure 1.2. (a) Bright-field TEM image of a thermally annealed P3HT:PCBM film. The scale 

bar is 200 nm (Adapted from Nano Lett. 2009, 9, 507-513); (b) schematic drawings of the 

hierarchical structure in the nanometer-scale morphology in pristine and annealed 

P3HT:PCBM films (Adapted from Adv. Mater.  2009, 21, 1323-1338). 

Figure 1.2 (a) shows the bright-field TEM image of an annealed regioregular poly(3-

hexyl thiophene) (P3HT):PCBM photoactive layer; the P3HT fibers and PCBM-rich domains 

are clearly discernable as bright and dark regions, respectively, because of their different 

densities.32 Figure 1.2 (b) shows a schematic drawing of a hierarchical P3HT:PCBM 
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microstructure.33 In a pristine film, the fullerene moieties can disperse individually or form 

aggregated domains intercalated between P3HT lamellae and amorphous polymer chains. 

The sizes of the aggregated fullerene and P3HT lamellae domains show increase after 

thermal annealing. One way to overcome these drawbacks is by covalently linking the donor 

(D) and acceptor (A) in a single polymer chain.35-38 The covalent bond enables a predefined 

control over the characteristic distance between donor and acceptor and thereby the extent of 

phase separation. 

Polymers are attractive for organic photovoltaics because thin films of these materials 

can be obtained through simple solution techniques such as drop casting, spin-coating and ink 

printing etc. But the mobilities are usually lower than the small molecules due to the poor 

molecular ordering and low crystallinity obtained by the solution techniques.39-41 Therefore, 

apart from designing suitable chemical structures, self-organization of molecules in the solid 

state remains a major challenge before π-conjugated organic materials can be utilized for 

actual application in molecular electronics.  

1.4. Self-assembly of Organic Semiconductors 
 

Self-assembled supramolecular structures of π-conjugated molecular building blocks are 

a promising class of materials to improve the solid-state organization of future optoelectronic 

materials.42-45 Over the past decade, several noncovalent interactions such as hydrogen 

bonding, electrostatic interactions, π-π stacking, dipolar interactions, chirality, and so forth, 

have been identified as enabling the construction of various hierarchical architecture from 

specially engineered small molecule building blocks.46-49 Oligofluorenes, oligothiophenes, 

oligophenylenes and oligophenylenevinylenes were reported for chiral self-organization in π-

conjugated materials.50-52 High luminescent characteristics, thermal and optical stability, film 

forming tendency and solubility in organic solvents make oligo(p-phenylenevinylene) (OPV) 

chromophore very unique compared to other ‘p’ type π-conjugates.53, 54 

The self organization of oligo(p-phenylenevinylene) (OPV) chromophore via 

hydrogen bonding, π-π stacking and metal-ion interactions etc has been reported and the 

resultant structure were tested successfully as active layer in electronic devices.55, 56 Meijer 

and co-workers have made significant contributions to the helical self-assembly of π-

conjugated oligomers derived from phenylenevinylenes, where the chirality of the attached 

side chains was translated to the conjugated oligomer backbone at a supramolecular level.57, 
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58 They reported the synthesis and characterization of three hydrogen-bonded oligo(p-

phenylenevinylene)s, OPV3, OPV4, and OPV5, that differed in conjugation length [figure 

1.3 (a)].58 All three compounds possessed chiral side chains, long aliphatic chains, and an 

ureido-s-triazine hydrogen bonding unit. 1H NMR and photophysical measurements showed 

that the OPV oligomers grew hierarchically in an apolar solvent; initially, dimers were 

formed by hydrogen bonds that subsequently developed into stacks by π-π interactions of the 

phenylenevinylene backbone with induced helicity via the chiral side chains [figure 1.3 (b)]. 

 

Figure 1.3. (a) Molecular structures of OPV3, OPV4, and OPV5 as calculated by molecular 

dynamics and subsequent energy minimization at 300 K for 50 ps; (b) self-assembled helical 

columnar architectures at low temperatures simulated for stacked OPV4 dimers (Adapted 

from J. Am. Chem. Soc. 2003, 125, 15941-15949). 

Ajayaghosh and co-workers described the hierarchical growth of left-handed helical 

nanostructures of chiral oligo(p-phenylenevinylene)s (OPVs).59 Three different OPVs with 

remote chiral handles, C-OPV1, C-OPV2, and C-OPV3 were prepared and the structures of 

the molecules are shown in figure 1.4 (a). C-OPV2, with hexadecyl side chains, was able to 

form stable aggregates in solution (as evident from optical studies). C-OPV1, with dodecyl 

side chains, was found to be a better gelator than C-OPV2, and formed a yellow fluorescent 

gel in nonpolar solvents, such as dodecane, heptane, and cyclohexane [figure 1.4 (b)]. 

However, C-OPV3, which is substituted with six chiral side chains, failed to form a gel in 

any of the solvents. AFM analysis of the C-OPV1 gel from dodecane (6.5 x 10-3 M) clearly 

showed the formation of entangled left-handed-helical coiled-coil fibers of 50-100 nm in 
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diameter [figure 1.4 (c)]. Careful analysis of a single fiber showed the morphology of a left-

handed coiled-coil rope of approximately 90 nm width and 11 nm height [figure 1.4 (d)]. 

These observations point towards a hierarchical self-organization of the C-OPV1 into coiled-

coil aggregates of nanometer dimensions. 

 

Figure 1.4. (a) Structures of chiral OPV derivatives; (b) photograph of the gel from C-OPV1 

in dodecane solution (6 x 10-3 M); (c) dense network of helical fibers and (d) single left-

handed coiled-coil rope of the C-OPV1 (Adapted from Angew. Chem. Int. Ed. 2004, 43, 

3421-3425). 

  A different approach towards helical system is to use host-guest chemistry to induce 

tunable chirality to the achiral host by specific recognition of appropriate chiral guest 

molecules. S. J. George and co-workers reported the adenosine phosphate induced one-

dimensional (1D) self-assembly and the resultant supra-molecular chirality of 

naphthalenebiimide (NBI) amphiphiles i.e. NDPA-Amph and NDPA-Bola [figure 1.5 (a)].60 

Extensive studies on molecular phosphate sensors suggested that the 

dipicolylethylenediamine-zinc complex (DPA-Zn) motif can specifically bind to various 

adenosine phosphates with high association constants.61 Hence they designed NBI 

amphiphiles substituted with DPA-Zn motifs, in order to promote guest induced self-

assembly and chiral induction through specific binding interactions. The binding of 

multivalent chiral phosphates resulted in high chiral order, as evident from the excitonic, 

bisignated circular dichroism signals, in the resulting NBI assemblies. Transmission Electron 

Microscopy (TEM) imaging of NDPA-Amph (70% water in THF, 7 x 10-5 M) assemblies 

with 0.5 equivalents of ADP, stained with uranyl acetate showed the formation of 1D 

nanofibers with a uniform diameter of  8 nm [figure 1.5 (b) and (c)]. TEM analysis of NDPA-

Bola/ADP co-assemblies revealed the formation of fibers with 4 nm diameter, suggesting 
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that they were constructed from single NBI π-stacked columns with bound adenosine 

phosphates on both DPA-Zn sites. 

 

Figure 1.5. (a) Molecular structures of NDPA-Bola and NDPA-Amph; (b) and (c) TEM 

images (7 x 10-5 M solution) of NDPA-Amph/0.5 equivalents of  ADP (70% water in THF). 

Inset of (c) shows the schematic of the corresponding helical stack (Adapted from Chem. 

Commun. 2012, 48, 10948-10950).  

Another category that has received lot of attention is the helical self-assembly of the 

achiral π-conjugated oligomers by the chiral peptide segments.62-64 R. J. Kumar and co-

workers determined the ability of semiconductors templated by α-helical polypeptides to 

form higher order structures and the charge carrier properties of the supramolecular 

assemblies.64 L-lysine was functionalized with a sexithiophene organic semiconductor unit 

via iterative Suzuki couping and the click reaction. The resultant amino acid was incorporated 

into a homopolypeptide by ring-opening polymerization of an amino acid N-

carboxyanhydride and the structure of the polymer is shown in figure 1.6. Spectroscopic 

investigation of the polypeptide revealed that it adopted an α-helical secondary structure in 

organic solvents that underwent hierarchical self-assembly to form higher order structures as 

shown in figure 1.6. In cyclohexane, the polymer formed organogels at 2% (w/v). Organic 

photovoltaic and organic field effect transistor devices were fabricated by deposition of the 

PCBM blended active layer from chlorobenzene at concentrations shown to induce self-

assembly of the polymer. Compared with control compounds, these devices showed 

significantly greater hole mobility, short circuit current, and efficiency.  

Though, supra-molecular assemblies have been obtained by different approaches, all 

of them are synthetically challenging. Hence, construction of highly ordered solid state 
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structures of π-conjugates by using a simple approach is still a challenging problem to be 

addressed. 

 

Figure 1.6. Self-organization of polymer as visualized by negative staining (uranyl acetate in 

EtOH) TEM of samples deposited from solutions in cyclohexane; (a)-(d) 2.1 x 10-5 M; (e) and 

(f) 1.0 x 10-5 M. Scale bar (a), (b): 500 nm; (c), (d): 200 nm; (e), (f): 500 nm (Adapted from J. 

Am. Chem. Soc. 2011, 133, 8564-8573). 

1.5. Highly Fluorescent 1D Nanostructures of Organic Semiconductors 
 

Inorganic nanowires have been extensively investigated for the linear optical 

properties, which can potentially be employed in various nanodevice applications including 

laser, waveguide, and polarized emission.65-67 The same research has been much less 

advanced for the organic counterparts.68 The device application concerned with the linear 

optical properties, particularly those based on fluorescence emission, demands that the 

organic nanomaterials thus fabricated be highly fluorescent.69, 70 Although various small 

molecules, oligomers and conjugated polymers have been fabricated into 1D nanostructure, 

most of the π -conjugated molecules lose their strong fluorescence upon being assembled into 

the solid state.71-73 The challenge is thus to find building-block molecules that are not only 

suited for fabrication into 1D structure but also, enable strong fluorescence in the solid state. 

 

Several classes of organic materials with high p-type charge carrier mobility have 

been known for long time; their n-type counterparts have become available only recently. 

Perylenebisimides (PBI) is the basis for a class of n-type chromophores exhibiting relatively 
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high electron mobility, large molar absorption coefficients, fluorescence quantum yield as 

well as good thermal and photochemical stabilities.18-20 L. Zang and co-workers reported the 

fabrication of ultralong nanobelts (>0.3 mm) from an asymmetric perylenebisimide 

derivative, shown in figure 1.7 (a).74 The polyoxyethylene side-chain attachment made the 

molecule highly soluble in hydrophilic solvents such as ethanol. Self-assembly of the 

nanobelts of this molecule was performed through a solvent exchange  processing, in which 

the molecules were transferred from a “good”  solvent (such as ethanol) into  a “poor” solvent 

(such as H2O) where the molecules had limited solubility and therefore self-assembled into 

1D nanobelts via molecular stacking. Figure 1.7 (b) shows the ultralong nanobelt structure 

obtained from the self-assembly of this molecule in a 1:1 water:ethanol solvent and figure 1.7 

(d) shows the emission photograph taken for the nanobelt suspension (under irradiation of 

366 nm UV light), where the fluorescence was quenched as expected. 

 

Figure 1.7. (a) Molecular structures of perylenebisimide derivative; (b) SEM image showing 

the belt morphology and uniform size of the nanobelts; (c) photograph taken for the 

nanobelts  formed and suspended in 1:1 water:ethanol; (d) the emission photograph taken for 

the same samples under irradiation of a 366 nm UV light (Adapted from J. Am. Chem. Soc. 

2007, 129, 7234-7235). 

F. Würthner and co-workers synthesized a highly fluorescent perylenebisimide based 

organogelator (PBI1), shown in figure 1.8.75 UV/Vis studies revealed more pronounced 

aggregation in apolar solvents like MCH due to intermolecular π-π stacking and hydrogen 

bonding interactions. On the other hand, in polar solvents like acetone and dioxane, 

participation of the solvent molecules in hydrogen bonding significantly reduced the 

aggregation propensity but enforced the gel formation at higher concentrations [figure 1.8 

(a)]. Although highly fluorescent organogels can feasibly be fabricated from the PBIs 

modified with substituents at the bay positions, the twisted conformation of the PBI backbone 
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distorted the π-π stacking, thus preventing the formation of well-defined nanowires in straight 

geometry suited for nanodevices fabrication [figure 1.8 (b) and (c)]. 

 

Figure 1.8. (a) Photographs of PBI1 in different solvents under a UV lamp (366 nm); (b) and 

(c) TEM images of PBI1 in MCH (1 x 10-4 M) and acetone (1 x 10-3 M) respectively (Adapted 

from Chem. Eur. J. 2008, 14, 8074-8078). 

Strong fluorescent nanofibers have recently been fabricated from a half-hydrolyzed 

PBI modified with branched side-chains in appropriate size (e.g., hexylheptyl) as shown in 

figure 1.9.76 This molecule possessed a structure that provided a good balance between the 

molecular stacking and the fluorescence yield of the materials thus assembled. The former 

prefers a molecular structure with minimal steric hindrance (usually referring to a small or 

linear side chain), while the latter favors bulky, branched side chains that may distort the π-π 

stacking to afford increased fluorescence (by enhancing the low-energy excitonic transition) 

for the molecular assembly. Figure 1.9 (a) shows the scanning electron microscopy (SEM) 

image of the nanofibers fabricated from this molecule through a vapor-diffusion (slow 

solvent exchange) process. The average diameter of the nanofibers is ∼350 nm as determined 

by zoom-in SEM imaging as shown in figure 1.9 (b). These nanofibers demonstrated strong 

fluorescence with yield ∼15% as depicted in the fluorescence microscopy images [figure 1.9 

(c) and (d)], implying a distorted molecular stacking that is usually observed for the PBIs 

modified with branched side chains. However, the nanofibers fabricated were highly curved 

and entangled together, probably because of the asymmetric structure of the molecules. 

Although the entangled nanofibers demonstrated potential applications in fluorescence 
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sensing of gaseous reagents, the curved shape made them less suited for application in 1D 

confined optical nanodevice. 

 

Figure 1.9. (a) SEM image of the nanofibril film deposited on a glass slide; (b) zoom-in SEM 

image of the nanofibril film; (c) and (d) bright-field and fluorescence optical microscopy 

image of a nanofibril film respectively (Adapted from Nano Lett. 2008, 8, 2219-2223). 

L. Zang and co-workers recently reported the fabrication of well-defined nanobelts 

from the flip-flap stacking of a cyclohexyl substituted molecule, CH-PTCDI, as shown in 

figure 1.10 (a).77 The nanobelts demonstrated long, straight belt-like morphology with length 

of hundreds of micrometers and width of 250-1500 nm [figure 1.10 (b)]. In contrast to the 

weak fluorescence emission (with quantum yield <1%) previously observed for the self-

assembled materials of PBIs, which mostly adopted the translated stacking, these nanobelts 

demonstrated dramatically increased emission (with quantum yield of ca. 17%), which could 

easily be imaged with a fluorescence microscope [figure 1.10 (c)]. The increased 

fluorescence of these new nanobelts is attributed to the flip-flap stacking mode, which was 

believed to be effective for enhancing the fluorescence by strengthening the low-energy 

excitonic transition. 

Even though well-defined highly fluorescent 1D nanostructure has been recently 

fabricated from various symmetric and asymmetric PBIs, there is no such 1D self-assembly 

reported for PBI based polymers. PBI small molecules possess specific electronic and optical 

properties due to their well-defined chemical structure. However, the material properties of 

small molecules are generally secondary to those of their polymeric analogues, since 

entanglements of macromolecular chains, which are responsible for the typical polymer 

properties, are lacking. Hence more intellectual input is required for developing fluorescent 
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1D nanostructure from PBI based polymers which would be really promising for many 

applications. 

 

Figure 1.10. Molecular structure of CH-PTCDI; (b) large area SEM image showing the long 

nanobelts deposited on a glass slide; (c) fluorescence microscopy image of nanobelts cast on 

glass slide (Adapted from Chem. Mater. 2009, 21, 2930-2934). 

 

1.6. Photo-induced Energy- and Electron-Transfer in Donor-Acceptor 
System 

 

Energy- and electron-transfer processes between a donor and an acceptor play a 

fundamental role in most of the applications such as OLEDs and solar cells as well as in basic 

biological process such as photosynthesis.78-82 Therefore, a systematic design and study of 

tailor-made donor-bridge-acceptor (DBA) model systems are required for understanding 

these key processes. Photo-induced energy transfer between donor and acceptor was studied 

as early as 1940.83, 84 The nonradiative energy transfer due to dipole-dipole interactions in 

donor-acceptor mixtures and bridged systems within a range of about 10 nm can be explained 

by Förster transfer. Here, the rate of energy transfer (kT) is extremely dependent on the 

distance R between the moieties (kT ∝ R-6). Photo-induced electron transfer was also reported 

in different types of donor-acceptor systems. 

 

Thelakkat and co-workers have reported the photo-induced energy- and electron-

transfer in DBA molecule containing tetraphenylbenzidine (TPD) and perylenebisimide 

(PBI).85 The structure of the molecule is shown in figure 1.11. The energy transfer 

efficiencies in DBA determined using different methods such as (i) decrease in donor 

lifetime, (ii) decrease in donor fluorescence intensity, and (iii) increase in acceptor 

fluorescence intensity lie close to >90%. The schematic representation of the photo-induced 

energy- and electron-transfer observed in DBA molecule is shown in figure 1.11 (d) and (e). 
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In figure 1.11 (d), the energy is transferred from the excited D to A and figure 1.11 (e) 

depicts one of the possible channels of concurring charge-transfer processes after the direct 

excitation of A. The influence of linking D and A on the energy transfer process from D to A 

was investigated by comparing the fluorescence spectra of DBA and a blend of donor (TPD) 

and acceptor (PBI). They found that the fluorescence lifetime of pure donor, donor in the 

presence of acceptor, and donor in DBA decreases from 0.85 to 0.57 ns and finally to 

extremely short values of even below 80 ps, respectively. Thus, the linkage of D and A has a 

drastic influence on energy transfer dynamics in DBA. 

 
Figure 1.11. Chemical structures of (a) tetraphenylbenzidine (TPD), (b) perylenebisimide 

(PBI), (c) DBA molecule containing tetraphenylbenzidine and perylenebisimide; (d) Energy 

transfer from donor to acceptor after excitation of the donor at 349 nm and (e) one possible 

channel of electron transfer and fluorescence quenching of acceptor after direct excitation of 

acceptor at 525 nm (Adapted from Chem. Mater. 2007, 19, 88-94). 

 

Both oligo(p-phenylenevinylene) (OPV) and perylenebisimide (PBI) chromophores 

have been utilized in bulk-heterojunction like solar cell configurations as donor and acceptor 

materials, but their combination has received little attention.86-91 E. W. Meijer and co-workers 

have synthesized two copolymers consisting of alternating oligo(p-phenylenevinylene) 

(OPV) donor and perylenebisimide (PBI) acceptor chromophores by using a Suzuki 

polycondensation reaction.92 The copolymers differed by the length of the saturated spacer 

that connected the OPV and PBI units, as shown in scheme 1.2. Photo-induced singlet energy 

transfer and photo-induced charge separation in these polychromophores have been studied in 

solution and in the solid state via photoluminescence and femtosecond pump-probe 

spectroscopy. In both polymers, a photo-induced electron transfer occurs within a few 

picoseconds after excitation of the OPV or the PBI chromophore. The differences in rate 



                                                                                                                         Chapter 1 

16 
 

constants for the electron- and energy-transfer processes were discussed on the basis of 

correlated quantum-chemical calculations and in terms of conformational preferences and 

folding of the two polymers. In solution, the lifetime of the charge-separated state is longer 

than in the films where geminate recombination is much faster. 

 
Scheme 1.2. The Structure of alternating copolymers containing OPV and PBI (P1 and P2). 

 

R. A. J. Janssen and co-workers have synthesized two new donor-acceptor 

copolymers that consist of an enantiomerically pure oligo(p-phenylenevinylene) main chain 

with dangling perylenebisimides by using a Suzuki cross-coupling polymerization as shown 

in scheme 1.3.93 Absorption and circular dichroism spectroscopy revealed that the transition 

dipole moments of the donor in the main chain and the dangling acceptor moieties of the 

copolymers were coupled and in a helical orientation in solution, even at elevated 

temperatures. A strong fluorescence quenching of both chromophores indicated an efficient 

photo-induced charge transfer after photo-excitation of either donor or acceptor. The 

formation and recombination kinetics of the charge-separated state were investigated in detail 

with femtosecond and near-steady-state photo-induced absorption spectroscopy. The optical 

characteristics indicated a short distance and appreciable interaction between the electron-rich 

donor chain and the dangling electron-poor acceptor chromophores.  

 

Although research on the photo-induced energy- and electron-transfer in copolymer 

containing OPV and PBI chromophores have been done, the systematic study of the factors 

influencing the photo-induced energy- and electron-transfer in OPV-PBI copolymer is a 

missing link in the literature. 
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Scheme 1.3. The structure of copolymers containing OPV and PBI chromophores (P1 and 

P2). 

1.7. Reactive Blending 
 

The important bottleneck in the development of suitable polymeric materials for 

photovoltaic applications is the lack of an easy synthetic process. The technology of polymer 

blends has been one of the major areas of research and development in polymer science in the 

past three decades. The advantages of polymer blends versus developing new polymeric 

structures have been well-documented.94-96 The ability to combine existing polymers into new 

compositions offers the advantage of reduced research and development expense compared to 

the development of new monomers and polymers to yield a similar property profile. An 

additional advantage is the much lower capital expense involved with scale-up and 

commercialization. Another specific advantage of polymer blends versus new 

monomer/polymer composition is that blends can often offer property profile combinations 

not easily obtained with new polymeric structures. An inherent property of condensation 

polymers is their ability to react with each other.97-99 The presence of groups like ester, 

amide, urethane, and other similar types, as well as carboxylic, amine, etc., groups in the 

polymers makes the post reaction possible. Interchange reactions take place at elevated 

temperatures (most frequently in the melt) between functional groups belonging to molecules 

with different degree of polymerization or different chemical compositions. Most prominent 

examples are polyesters, polycarbonates and polyamides, where interchange reactions are 

best studied and understood.97-99 
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Polyesters and polycarbonates are mostly used for engineering thermoplastics because 

of their excellent mechanical and thermal properties. Bisphenol A polycarbonate 

(PC)/polyester blends are among the most widely studied polymer blend systems industrially 

and academically. Because PC and polyester have common ester linkages in the backbone, 

ester-carbonate exchange (transesterification) occurs during their high-temperature melt 

blending. M. Jayakannan and P. Anilkumar investigated the reactive blending of bisphenol A 

polycarbonate (PC) with poly(1,4-cyclohexanedimethylene-1,4-cyclohexanedicarboxylate) 

(PCCD) using a new high-temperature solution-blending methodology.100 The blending was 

carried out at very high concentrations at high temperatures. This approach had many 

advantages over conventional melt blending, such as independence from the polymer 

properties (Tg, Tm, and Tc and crystallization temperature) and flow behaviors. The ester-

carbonate exchange reaction in the blends was studied with 1H NMR and Fourier transform 

infrared (FT-IR). The ester-carbonate exchange reaction in the PC/PCCD blends leads to 

four major types of new linkages, two corresponding to new esters and two corresponding to 

new carbonates, as shown in scheme 1.4. Model blending reactions based on acidolysis, 

alcoholysis, and transesterification reactions were carried out to study the effect of PCCD 

end groups on PC/PCCD reactive blending. These model reactions revealed that the reactive 

blending was affected by both alcoholysis and transesterification, whereas acidolysis was 

absent. This may be due to the poor nucleophilicity of aliphatic acids toward the aromatic 

polycarbonates. 

 
Scheme 1.4. Ester-carbonate exchange reaction in the reactive blending of bisphenol A 

polycarbonate (BPA-PC) with PCCD (Adapted from J. Polym. Sci. Part A: Polym. Chem. 

2004, 42, 3996-4008). 
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1.8.  Conclusions and Aims of the Thesis 
 

Ease of synthesis and film-forming ability or ease of processability is very important 

properties that are highly desirable in organic semiconducting materials. Reasonably high 

molecular weight is a prerequisite for polymeric semiconducting materials to attain this goal 

of easy processability. However, unlike acrylic or vinylic polymers where this is true, in 

main-chain semiconducting polymers, the π-π stacking interaction of the aromatic core 

results in reduced solubility and hence reduced solution processability. The π-π stacking 

interaction is a major hurdle to develop film-forming polymers especially for n-type 

semiconducting materials like perylene and naphthalene bisimides (PBI/NBI). Therefore, the 

synthesis of high molecular weight solution processable semiconducting polymers by using a 

simple approach is very challenging. This thesis work is focused on design and development 

of new solution processable semiconducting polymers and their supramolecular organization 

in the solid state. The important aspects of the thesis are: 

1. Demonstrate a successful strategy for the synthesis of donor-acceptor semiconducting 

polymers. 

2. Chirality induced helical self-assembly of π-conjugated material has been studied. 

3. A simple approach for the fabrication of highly fluorescent semiconducting polymer 

into 1D elongated fiber over a large scale has been developed. 

4.  The photo-induced energy- and electron-transfer in random copolyester containing 

oligo (p-phenylenevinylene) and perylenebisimide were investigated. 

 

In the second chapter, we have demonstrated a successful strategy for the 

incorporation of fluorescent chromophores such as OPV and PBI into the backbone of 

poly(1,4-cyclohexylenedimethylene-1,4-cyclohexanedicarboxylate)] (PCCD). These 

polymers possessed the required thin film processability for potential application in organic 

photovoltaic devices. The third chapter deals with chiral polyester induced solid state helical 

self-assembly of oligo(p-phenylenevinylene) (OPV) chromophore. In the fourth chapter, 

synthesis of highly fluorescent n-type organic semiconducting material, which could be 

fabricated into well-defined nanofibers over a large scale, was investigated. The fifth chapter 

describes the synthesis of novel copolyesters containing OPV and PBI chromophore by melt 

polycondensation. Photoinduced energy- and electron-transfer in these polyesters were 

studied in solution as well as in the solid state. Finally, the overall conclusion of the thesis 

has been summarized. 
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Chapter 2 

A facile one-pot Reactive Solution Blending Approach 
for Main Chain Donor-Acceptor Polymeric Materials 

 

A high-temperature solution-blending process has been used to synthesize a series of 

copolymers incorporating varying mole ratios of perylenebisimide (PBI) into the backbone of 

an engineering thermoplastic polyester [poly(1,4-cyclohexylenedimethylene-1,4-

cyclohexanedicarboxylate)] (PCCD). A random donor-acceptor copolymer incorporating 

oligo(p-phenylenevinylene) (OPV) and PBI was also synthesized. The chemical 

incorporation of these chromophores into PCCD was confirmed by carrying out the melt 

polycondensation using 1,4-cyclohexanedimethanol (CHDM) and 1,4-dimethylcyclohexane 

dicarboxylate (DMCD) with hydroxyl functionalized PBI and OPV derivatives. Higher extent 

of incorporation of PBI (35 mole %) could be achieved using the blending approach retaining 

solubility, film forming ability and higher molecular weights. The PBI polymers produced 

using the two different approaches exhibited structural variations.  The polymers formed 

from the solution blending approach had a semicrystalline nature with blocks of PCCD 

separating the PBI units; whereas those produced using the melt condensation route were 

amorphous polymers. This structural variation was reflected in their photophysical properties 

also with the reactive solution blended polymers exhibiting higher fluorescence quantum 

yields. These results demonstrate the easy incorporation of suitably functionalized donor and 

acceptor moieties into a completely aliphatic polyester backbone to produce free standing 

films of hitherto non-processable polymers.  
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2.1.  Introduction 
 

The ongoing interest in organic semiconducting materials is driven by the scientific 

challenges they present as well as by the promise of real-world applications in a multitude of 

products such as plastic/flexible displays, sensors, and RF-ID tags, as recently reviewed. 1-10 

Furthermore, recent developments in organic-based light-emitting diodes (OLEDs), 

photovoltaics (OPVs), and field-effect transistors (OFETs) have opened up many new and 

exciting challenges and opportunities in the field of thin-film optoelectronics.11 Most organic 

conducting materials can be described as p-type semiconductors, in which holes in the 

valence band are the majority charge carriers. Perylene and naphthalene bisimides (PBI/NBI) 

have been attracting considerable attention as good n-type organic semiconductors because of 

the outstanding photophysical properties, thermal stability, and ability to self-organize.12-16 

The ultimate promise of organic semiconductors is in inexpensive, large-area and solution-

processed electronics. Therefore, semiconductors could be tailored to have improved 

solubility and film-forming properties. One of the major challenges confronting the field of 

organic electronics has been the development of solution processable and film-forming 

electron-transporting (n-type) organic semiconductors for thin film device structures. 

Although a number of PBI main-chain polymers have been reported, most of them are not 

solution processable due to strong π-π stacking interactions.17, 18 Recently, the strategy of 

incorporating donor (D) and acceptor (A) units into the polymer backbone has proven to be 

very effective in improving device performances by taking advantage of intermolecular donor 

and acceptor interactions.19-21 A number of alternating D-A conjugated polymers have been 

designed and investigated for optoelectronic materials. The development of new D-A 

polymers are synthetically challenging and the final D-A copolymer would rarely possess the 

required thin film processability. 

The covalent incorporation of small molecular weight active molecules into polymeric 

matrixes represents an interesting strategy with numerous useful applications.22-24 Melt 

transesterification is a common route to prepare polyesters and it requires high vacuum, high 

reaction temperature and proper catalysts.23, 24 Considerable interest has arisen in the reactive 

blending of polymers containing active functional groups in the polymer chains during the 

melt-mixing process in recent years.25 The materials produced through reactive blending are 

homogeneous, more compatible, and less sensitive to long-term phase separation.26 

Polyesters are mostly used for engineering thermoplastics because of their excellent thermal 



                                                                                                                         Chapter 2 

28 
 

and mechanical properties. Among them, PCCD [Poly(1,4-cyclohexylenedimethylene-1,4-

cyclohexanedicarboxylate)] has attracted more attention in the plastic industry because of 

their outstanding properties such as resistance to UV radiation and their chemical resistance. 

27 Jayakannan et.al investigated the reactive blending of bisphenol A polycarbonate (PC) 

with PCCD via a new high-temperature solution-blending methodology.28 This high-

temperature solution-blending involved dissolving PC and PCCD in minimum amounts of a 

high boiling solvent like ortho-dichlorobenzene (ODCB) and heating it to high temperature 

(150- 185C) in presence of a transesterification catalyst. They showed that ester-carbonate 

interchange occurred via transesterification in these blends. Using model reactions they 

showed that both alcoholysis and transesterification were amenable under these reactive 

blending conditions.  

We were motivated to apply this methodology to incorporate suitably functionalized 

semiconducting materials – both donor and acceptor type, on a polyester backbone. An 

aliphatic hydroxyl functionalized pentadecylphenol (PDP) substituted symmetric perylene 

bisimide derivative was developed as the n-type semiconducting material, which was 

incorporated in varying mole ratios into an aliphatic polyester backbone based on PCCD 

using the solution blending approach. The success of this methodology was crosschecked by 

synthesizing the same copolymer via the usual melt polycondensation approach also. The 

structure and properties of the semiconducting polymers developed using both approaches 

were compared using 1H NMR, UV-Vis absorption and emission studies. An aliphatic 

hydroxyl functionalized oligo(p-phenylenevinylene) (OPV) derivative was also synthesized 

and it was incorporated into the PCCD backbone thereby proving the versatility of this 

approach. A random copolyester incorporating both the acceptor (PBI) and donor (OPV) 

moieties was also developed and the energy transfer from donor to acceptor was studied 

using fluorescence quenching studies. The transesterification by reactive solution blending 

approach described here is easily adoptable for a wide range of suitably derivatised donor or 

acceptor molecules resulting in tunable photophysical properties with film forming ability.  

2.2. Experimental Methods 
 

2.2.1. Materials: PCCD was donated by GE plastics. Perylene-3,4,9,10-tetracarboxylic 

dianhydride (PTCDA), 3-pentadecylphenol, zinc acetate, imidazole, 1,4-

cyclohexanedimethanol (CHDM) (cis + trans), 1,4-dimethylcyclohexane dicarboxylate 
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(DMCD) (cis + trans), titanium(IV) butoxide [Ti(OBu)4], 4-methoxyphenol, 2-

ethylhexylbromide, triethylphosphite, 4-hydroxybenzaldehyde,  potassium-tert-butoxide  and 

ortho-dichlorobenzene (ODCB) were purchased from Aldrich and used without further 

purifications. HBr in glacial acetic acid, paraformaldehyde, potassium carbonate, potassium 

iodide, dimethyl sulfoxide, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), 2-

chloroethanol and all other solvents were purchased locally and purified with standard 

procedures. 

 

2.2.2. Instrumentation: 1H NMR spectra were recorded using a Bruker Avance 200 MHz 

spectrometer. Chemical shifts (δ) are reported in ppm at 25 oC using CDCl3 as solvent with a 

small amount of tetramethylsilane (TMS) as internal standard. The mass spectral analysis of 

monomer was carried out using a Voyager-De-STR MALDI-TOF (Applied Biosystems, 

Framingham, MA, USA) instrument equipped with 337 nm pulsed nitrogen laser used for 

desorption and ionization. The molecular weight of synthesized polymers was determined 

using size exclusion chromatography (SEC). SEC measurements were carried on a Polymer 

Laboratories PL-GPC-220 at 25 oC using chloroform (Merck) as the mobile phase. The 

analysis was carried out at a flow rate of 1 mL/min using a set of three PLgel columns and a 

refractive index (RI) detector. Columns were calibrated with polystyrene standards and the 

molecular weights reported were with respect to polystyrene. The inherent viscosity (ηinh) of 

the polymers was measured for 0.5 wt % polymer solutions in mixture of phenol/1,1,2,2-

tetrachloroethane (60/40) as  solvent. UV/Vis spectra were recorded using a Perkin-Elmer 

Lambda-35 UV/Vis spectrometer and fluorescence measurements were performed using a 

Fluorolog HORIBA Jobin Yvon fluorescence spectrophotometer having a 450 W xenon 

lamp. Solid state photoluminescence spectra were recorded using the front face scan mode 

with the same Fluorolog spectrofluorimeter. The fluorescence quantum yields of PBI polymer 

were determined in CHCl3 using rhodamine 6G in ethanol ( = 0.95) as the standard by 

exciting at 490 nm and OPV polymer were determined in CHCl3 using quinine sulphate in 

0.1M H2SO4 ( = 0.54) as the standard by exciting at 360 nm. The thermal stability of the 

polymers was analyzed using a Perkin-Elmer thermogravimetric analyzer under nitrogen 

atmosphere from 50 to 800 oC at 10 oC/ min. Differntial scanning colorimetry (DSC) was 

performed using TA Q10 differential scanning calorimeter at heating rate of 10 oC/min. 

WXRD were recorded using Phillips x’pertpro powder X-ray diffractometer using Cu Kα 

radiation, and the spectra were recorded in the range of 2θ = 5-50°. Electrochemical 

properties of polymers were studied using a BAS-Epsilon potentiostat. 



                                                                                                                         Chapter 2 

30 
 

2.2.3. Synthesis 
 

Synthesis of Per-PDP-Diol: Per-PDP-Diol was synthesized from 4-amino-3-

pentadecylphenol and PTCDA by following the literature procedure.29 

Synthesis of Per-PDP-2-Diol: Per-PDP-Diol (1.00 g, 1 mmol), K2CO3 (0.69 g, 5 mmol) and 

a trace of KI were dissolved in 100 mL dry DMF under nitrogen atmosphere.  Heated the 

mixture at 80 oC for 1 h. 2-Chloroethanol (0.40 g, 5 mmol) was added at 0 oC and the mixture 

was again heated at 80 oC for 48 h. The reaction mixture was then cooled to room 

temperature and precipitated by adding 2N HCl and washed with water. The precipitate was 

filtered off and dried in an oven at 60 °C in vacuum (0.5 mm Hg). Yield = 77%; 1H NMR 

(200 MHz, CDCl3) δ ppm: 8.75 (m, 8H, perylene H), 7.00 (m, 6H, ArH–PDP), 4.16 (t, 4H, 

Ar–O–CH2–CH2–OH), 4.02 (t, 4H, Ar–O–CH2–CH2–OH), 2.41 (t, 4H, Ar–CH2–), 1.76 

(aliphatic –OH), 1.55 (m, 4H, Ar–CH2–CH2–), 1.19 (m, 48H, aliphatic –CH2–), 0.85 (t, 6H, 

terminal –CH3); MALDI-TOF (dithranol matrix):  m/z calcd for C70H86N2O8: 1083.44; 

found: 1086.02. 

Synthesis of copolyesters of PCCD incorporating PBI through high-temperature 

solution-blending rout (BPer-x-PCCD): PCCD (2.24 g, 8 mmol) was dissolved in ODCB 

(5 mL) by heating to 150 C in an oil bath. To the solution, Per-PDP-2-Diol (2.16 g, 2 mmol) 

was added (for BPer-13-PCCD). The mixture was stirred continuously for 12 h using an 

overhead mechanical stirrer at a constant rate of 100 rpm. To the solution, Ti(OBu)4 (34 mg, 

1 mol %) solution in ODCB was added and the reactive blending was continued with stirring 

at 180 C for 24 h. The product was cooled, dichloromethane (DCM) was added, and the 

polymer solution was poured into methanol. The resultant material was filtered and subjected 

to solvent extraction using acetone to remove unreacted Per-PDP-2-Diol that would be 

physically trapped in the polymer voids. The polymer was dried in oven at 60 oC in vacuum 

(0.5 mm Hg). Yield = 61.36%; 1H NMR (200 MHz, CDCl3) δ ppm: 8.74 (perylene H), 6.98 

(ArH–PDP), 4.47 (–CH2–CH2–O–CO–), 4.23 (–CH2–CH2–O–CO–), 3.98 (cis –CH2– in 

PCCD), 3.89 (trans –CH2– in PCCD), 2.5–0.5 (cyclic–H in PCCD + aliphatic H in PDP). 

A similar procedure was employed to synthesize the BPer-x-PCCD series of polyesters by 

change in the molar ratio of Per-PDP-2-Diol in the feed from 2 to 50 mol%.  
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Synthesis of copolyesters of PCCD incorporating PBI through melt polycondensation 

rout (MCPer-x): DMCD (2.00 g, 10 mmol), CHDM (1.29 g, 9 mmol) and Per-PDP-2-Diol 

(1.08 g, 1 mmol) were weighed into a tubular glass reactor (for MCPer-10). The reaction 

mixture was melted at 160 oC, cooled and Ti(OBu)4 (3.4 mg, 0.1 mol % of diester) solution in 

ODCB was added to the mixture. The reaction was heated from 160 to 180 oC over 2 h with 

stirring 100 rpm and then from 180 to 230 oC over 2 h, allowing methanol to distil. Vacuum 

was applied and the pressure was gradually reduced to 0.4 mm Hg over 20 min, while the 

temperature was raised from 230 to 250 oC. The reaction was continued at 250 oC for 2 h. 

The product was cooled, DCM was added, and the polymer solution was poured into 

methanol. The resultant material was filtered and subjected to solvent extraction using 

acetone to remove unreacted PerPDP-2-Diol that would be physically trapped in the polymer 

voids. The polymer was dried in oven at 60 oC in vacuum (0.5 mm Hg). Yield = 65.45%; 1H 

NMR (200 MHz, CDCl3) δ ppm: 8.74 (perylene H), 6.98 (ArH–PDP), 4.47 (–CH2–CH2–O–

CO–), 4.23 (–CH2–CH2–O–CO–), 3.98 (cis –CH2– in PCCD), 3.89 (trans –CH2– in PCCD), 

3.66 (–CO–O–CH3 end group),  2.5–0.5 (cyclic–H in PCCD + aliphatic H in PDP). 

A similar procedure was employed to synthesize the MCPer-x series of polyesters by change 

in the molar ratio of Per-PDP-2-Diol in the feed from 2 to 50 mol%.  

Synthesis of OPV-2-Diol: The bisphosphonate ylide and 4-(2-hydroxyethoxy)benzaldehyde  

were synthesized by following the literature procedure.30 Potassium-tert-butoxide (0.45 g, 

0.004 mol) dissolved in  15 mL of dry THF was added to the mixture of bisphosphonate ylide 

(1.07 g, 0.002 mol) and 4-(2-hydroxyethoxy)benzaldehyde (0.66 g, 0.004 mol) at 0 oC and 

the contents were stirred under nitrogen for 24 h at 30 oC. The contents were poured into 

water to obtain a yellow powder which was dissolved in chloroform, washed with water, 

brine, and dried using anhydrous Na2SO4. The red sticky solid was further purified by passing 

through a silica gel column using ethyl acetate and hexane (60/40 v/v) as eluant. Yield = 

60.83%; 1H NMR (200 MHz, CDCl3) δ ppm: 7.60–6.80 (m, 14H, Ar–H and vinylic H), 

4.20–3.80 (m, 13H, ArOCH2–, ArOCH2–CH2–and ArOCH3), 1.90–0.70 (m, 15H, aliphatic); 

MALDI-TOF (dithranol matrix):  m/z calcd for C35H44O6: 560.74; found: 561.10 [M+1]; 

elemental analysis calcd (%): C 74.97, H 7 .91; found: C 74.49, H 7.69. 

Synthesis of random copolyester of PCCD incorporating OPV chromophore through 

high-temperature solution-blending rout (BOPV-4-PCCD): PCCD (2.66 g, 9.5 mmol) 

was dissolved in ODCB (5 mL) by heating to 150 C in an oil bath. To the solution, OPV-2-

Diol (0.28 g, 0.5 mmol) was added. The mixture was stirred continuously for 12 h using an 
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overhead mechanical stirrer at a constant rate of 100 rpm. To the solution, Ti(OBu)4 (34 mg, 

1 mol %) solution in ODCB was added and the reactive blending was continued with stirring 

at 180 C for 24 h. The product was cooled, DCM was added, and the polymer solution was 

poured into methanol. The resultant material was filtered and the polymer was dried in oven 

at 60 oC in vacuum (0.5 mm Hg). Yield = 77.55%; 1H NMR (200 MHz, CDCl3) δ ppm: 7.60–

6.8 (Ar–H and vinylic H), 4.43 (–CH2–CH2–O–CO–R), 4.25–3.7 (ArOCH2–, ArOCH3, cis 

and trans –CH2– in PCCD), 2.50–0.50 (aliphatic H in OPV unit + cyclic–H in PCCD). 

 

Synthesis of random copolyester of PCCD incorporating OPV chromophore through 

melt polycondensation (MCOPV-4): DMCD (2.00 g, 10 mmol), CHDM (1.37 g, 9.5 mmol) 

and OPV-2-Diol (0.28 g, 0.5 mmol) were weighed into a tubular glass reactor. The reaction 

mixture was melted in a salt bath at 160 oC, cooled and Ti(IV) butoxide (3.4 mg, 0.1 mol % 

of diester) solution in ODCB was added to the mixture. The reaction was heated from 160 to 

180 oC over 2 h with stirring 100 rpm and then from 180 to 230 oC over 2 h, allowing 

methanol to distil. Vacuum was applied and the pressure was gradually reduced to 0.4 mm 

Hg over 20 min, while the temperature was raised from 230 to 253 oC. The reaction was 

continued at 253 oC for 2 h. The product was cooled, DCM was added, and the polymer 

solution was poured into methanol. The resultant material was filtered and dried in oven at 60 
oC in vacuum (0.5 mm Hg). Yield = 76.99%; 1H NMR (200 MHz, CDCl3) δ ppm: 7.60–6.80 

(Ar–H and vinylic H), 4.43 (–CH2–CH2–O–CO–R), 4.25–3.70 (ArOCH2–, ArOCH3, cis and 

trans –CH2– in PCCD), 2.50–0.85 (aliphatic H in OPV unit + cyclic–H in PCCD). 

 

Synthesis of random copolyester of PCCD incorporating both OPV and PBI 

chromophores through high-temperature solution-blending rout (BPer-3-OPV-5-

PCCD): PCCD (2.52 g, 9 mmol) was dissolved in ODCB (5mL) by heating to 150 C in an 

oil bath. To the solution, OPV-2-Diol (0.28 g, 0.5 mmol) and Per PDP-2-Diol (0.54 g, 0.5 

mmol) was added. The mixture was stirred continuously for 12 h using an overhead 

mechanical stirrer at a constant rate of 100 rpm. To the solution, Ti(OBu)4 (34 mg, 1 mol %) 

solution in ODCB was added and the reactive blending was continued with stirring at 180 C 

for 24 h. The product was cooled, DCM was added, and the polymer solution was poured into 

methanol. The resultant material was filtered and the polymer was dried in oven at 60 oC in 

vacuum (0.5 mm Hg). Yield = 74.85%; 1H NMR (200 MHz, CDCl3) δ ppm: 8.74 (perylene 

H), 7.60–6.80 (ArH–PDP, Ar–H and vinylic H in OPV unit), 4.43 (–CH2–CH2–O–CO–), 
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4.25–3.70 (ArOCH2–, ArOCH3, cis and trans –CH2– in PCCD), 2.50–0.50 (cyclic–H in 

PCCD + aliphatic H in PDP + aliphatic H in OPV unit). 

 

Synthesis of random copolyester of PCCD incorporating both OPV and PBI 

chromophores through melt polycondensation (MCPer-3-OPV-4): DMCD (2.00 g, 10 

mmol), CHDM (1.30 g, 9 mmol), OPV-2-Diol (0.28 g, 0.5 mmol) and Per-PDP-2-Diol (0.54 

g, 0.5 mmol) were weighed into a tubular glass reactor. The reaction mixture was melted in a 

salt bath at 160 oC, cooled and Ti(IV) butoxide (3.4 mg, 0.1 mol % of diester) solution in 

ODCB was added to the mixture. The reaction was heated from 160 to 180 oC over 2 h with 

stirring 100 rpm and then from 180 to 230 oC over 2 h, allowing methanol to distil. Vacuum 

was applied and the pressure was gradually reduced to 0.4 mm Hg over 20 min, while the 

temperature was raised from 230 to 250 oC. The reaction was continued at 250 oC for 2 h. 

The product was cooled, DCM was added, and the polymer solution was poured into 

methanol. The resultant material was filtered and dried in oven at 60 oC in vacuum (0.5 mm 

Hg). Yield = 76.46%; 1H NMR (200 MHz, CDCl3) δ ppm: 8.74 (perylene H), 7.60–6.80 

(ArH–PDP, Ar–H and vinylic H in OPV unit ), 4.43 (–CH2–CH2–O–CO–), 4.25–3.70 

(ArOCH2–, ArOCH3,  cis and trans –CH2 – in PCCD), 3.66 (–CO–O–CH3 end group),  2.50–

0.50 (cyclic–H in PCCD + aliphatic H in PDP + aliphatic H in OPV unit). 

2.3. Results and Discussions 
 

2.3.1. Synthesis and Characterization of Monomers and Polymers 
 

The hydroxyl functionalized pentadecylphenol substituted perylenebisimide 

derivative (Per-PDP-2-Diol) was synthesized through the 2-chloroethanol coupling of Per-

PDP-Diol as shown in scheme 2.1. The synthesis of Per-PDP-Diol is reported elsewhere.29 

Similarly, the hydroxyl functionalized OPV derivative (OPV-2-Diol) was synthesized as 

shown in scheme 2.2. The bisphosphonate ylide was synthesized as reported in literature.30 

The Wittig-Horner coupling of the ylide with 4-(2-hydroxyethoxy)benzaldehyde was carried 

out in dry THF to obtain the OPV-2-Diol. The structures of monomers were confirmed by 1H 

NMR and MALDI-TOF spectra, which is shown in figure 2.1. 
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Scheme 2.1. Synthesis of Per-PDP-2-Diol by the 2-chloroethanol coupling of Per-PDP-Diol. 
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Scheme 2.2. Synthesis of OPV-2-Diol by Wittig-Horner reaction. 

 

Figure 2.1. 1H NMR spectra of (a) Per-PDP-2-Diol and (b) OPV-2-Diol recorded in CDCl3; 

MALDI-TOF of (c) Per-PDP-2-Diol and (d) OPV-2-Diol. 
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The high-temperature solution-blending of Per-PDP-2-Diol (acceptor) or OPV-2-Diol 

(donor) with PCCD was carried out by dissolving the hydroxyl functionalized acceptor or 

donor in minimum amount of a high boiling solvent like ODCB and heating in presence of 1 

mol % of transesterification catalyst Ti(OBu)4, as shown in scheme 2.3. ODCB was chosen 

as the solvent because of its inert nature towards transesterification and high boiling point. 

The blending was carried out in a cylindrical glass reactor at 180 oC for 24 h with constant 

stirring using mechanical stirrer, under continuous nitrogen flow. For workup, the polymer 

was dissolved in DCM and precipitated into methanol and further subjected to solvent 

extraction using acetone to remove unreacted monomers. The copolyesters obtained by the 

blending approach were named as BPer-x-PCCD or BOPV-x-PCCD where x represented 

the actual mole % incorporation calculated from integration of 1H NMR signal. 
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Scheme 2.3. Synthetic route for high-temperature solution-blending of Per-PDP-2-Diol and 

OPV-2 Diol with Poly(1,4-cyclohexylenedimethylene-1,4-cyclohexane dicarboxylate). 

Table 2.1 gives the sample name, amount of hydroxyl functionalized PBI or OPV 

taken in the feed, the actual incorporation determined using 1H NMR, molecular weight 

determined using SEC in CHCl3 using polystyrene standards, the inherent viscosity measured 

in the mixture of phenol and 1,1,2,2-tetrachloroethane (60/40 v/v), the 10 % weight loss 

temperature obtained from TGA, the glass transition temperature (Tg) obtained from DSC as 

well as the yield of the various copolyesters. A copolyester incorporating OPV was 
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synthesized by taking 5 mol % OPV-2-Diol in the feed. Random copolyester incorporating 

both OPV and PBI chromophores was also synthesized using the blending approach by 

taking 5 mol % each of the Per-PDP-2-Diol and OPV-2-Diol in the feed. The structure of all 

the copolyesters synthesized using the high-temperature solution-blending approach is shown 

in scheme 2.3. 
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Scheme 2.4. Melt condensation polymerization of Per-PDP-2-Diol/OPV-2-Diol, DMCD and 

CHDM. 

The covalent incorporation of either the PBI or OPV unit into the PCCD backbone 

was structurally confirmed by carrying out the melt condensation of the Per-PDP-2-Diol or 

OPV-2-Diol with 1,4-cyclohexanedimethanol (CHDM) and 1,4-dimethylcyclohexane 

dicarboxylate (DMCD) following literature procedure as shown in scheme 2.4.31 0.1 mol % 

of Ti(OBu)4 dissolved in ODCB was added as the catalyst. The melt condensation was 

carried out in a cylindrical glass reactor in a two step process. The first step was at 

atmospheric pressure with a temperature ramp and continuous nitrogen flow to remove the 

methanol that was eliminated, while the second step was under dynamic vacuum (0.4 mm 

Hg) at 250 oC. Finally the polymers were dissolved in DCM and precipitated into methanol. 

The copolyesters obtained by the melt condensation approach were named as MCPer-x or 

MCOPV-x where x represented the mole % incorporation. The feed, actual incorporation and 

the polymer characterization data for the melt condensation copolyester series are given in 
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table 2.2. The percentage of the monomer DMCD was kept fixed at 100 mol % and that of 

Per-PDP-2-Diol: CHDM was varied from 100:0 to 0:100. The OPV copolyester was 

synthesized by taking 5 mol % OPV-2-Diol in the feed, whereas for the random copolyester 

incorporating both PBI and OPV, 5 mol % each of the acceptor and donor moieties were 

taken in the feed.  

Table 2.1. Feed, actual incorporation from 1H NMR, molecular weight, viscosity data, 

degradation temperature and yield of polymers by high-temperature solution-blending 

approach.  

 

a. Inherent viscosity measured for 0.5 wt % polymer solutions in mixture of 

phenol/1,1,2,2-tetrachloroethane (60/40) as solvent at 30 oC. 

b. Temperature represents 10% weight loss in TGA measurements at heating rate of 10 
oC/min under nitrogen.  

c. Yield of the precipitated and solvent extracted sample. 

 

Sample 

Feed 
ratio 

(PCCD
: PBI/ 

OPV) 

Composition 
(PCCD: 

PBI/OPV) 

(from 
1
H 

NMR) (mol 
%) 

 

Mw 

(g/mol) 

 

 

PDI 

 

ηinh 

(dL/ g)a 

 

Tg 

( oC) 

 

TD 

(oC)b 

 

Yield 

(%)c 

PCCD 

BPer-2-PCCD 

BPer-3-PCCD 

BPer-6-PCCD 

BPer-13-PCCD 

BPer-21-PCCD 

BPer-35-PCCD 

- 

98:2 

95:5 

90:10 

80:20 

70:30 

50:50 

- 

98.8: 1.2 

96.9:3.1 

94.0:6.0 

87.5:12.5 

79.0:21.0 

65.0:35.0 

58000 

51900 

32600 

30600 

26000 

15200 

13000 

1.7 

1.88 

1.74 

2.2 

2.6 

1.7 

1.9 

0.89 

0.69 

0.49 

0.53 

0.27 

0.23 

0.13 

69 

69 

69 

- 

- 

- 

- 

389 

407 

403 

397 

385 

388 

391 

- 

68 

67 

67 

61 

53 

48 

BOPV-4-PCCD 95:5 96:4 34800 2.3 0.43 69 430 78 
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Table 2.2. Feed, actual incorporation from 1H NMR, molecular weight, viscosity data, 

degradation temperature and yield of polymers synthesized by melt condensation approach. 

 

a. Determined for the soluble fraction 

b. Inherent viscosity measured for 0.5 wt % polymer solutions in mixture of 

phenol/1,1,2,2-tetrachloroethane (60/40) as solvent at 30 oC. 

c. Temperature represents 10% weight loss in TGA measurements at heating rate of 

10 oC/min under nitrogen.  

d. Yield of the precipitated sample. 

 

The structures of polymers were confirmed by 1H NMR and molecular weights were 

determined using size exclusion chromatography (SEC). Figure 2.2 compares the 1H NMR 

 

Sample 

Feed Ratio      
(DMCD: 
CHDM: 

PBI/ OPV) 

Composition 
(PCCD: 

PBI/OPV) 
(from 1H 

NMR) (mol 
%) 

 

Mw  (g/ 
mol) 

 

 

PDI 

 

inh 
(dL/ 
g)b 

 

Tg 

(oC)c 

 

TD 

(oC) c 

 

Yield 

(%)d 

MC-PCCD 

MCPer-2 

MCPer-4 

MCPer-10 

MCPer-17 

MCPer-28 

MCPer-43 

MCPer-
100 

100:100:0 

100:98:2 

100: 95:5 

100: 90:10 

100: 80:20 

100:70:30 

100:50:50 

100:0:100 

- 

98.4:1.6 

95.8:4.2 

90.2:9.8 

82.7:17.3 

71.6:28.4a 

57.4:42.6 a 

- 

20500 

58300 

36800 

20800 

9200 

12000 a 

8700 a 

- 

1.8 

2.3 

2.1 

2.2 

1.3 

1.6 

1.5 

- 

0.31 

0.57 

0.42 

0.28 

0.24 

- 

- 

- 

42 

46 

38 

36 

- 

- 

- 

- 

396 

399 

393 

396 

411 

399 

418 

436 

82 

64 

66 

65 

51 

46 

45 

43 

MCOPV-4 100:95:5 96:4 62700 2.8 0.43 50 426 77 

MCPer-3-
OPV-4 

100:90:5:5 93:3:4 19200 2.3 0.30 42 405 76 
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spectra of PCCD and Per-PDP-2-Diol with that of the copolyester obtained by both blending 

(BPer-6-PCCD) and melt condensation (MCPer-10) approach. The 1H NMR spectrum of 

PCCD showed two doublets at 3.98 and 3.89 ppm corresponding to the cis- and trans-

isomeric protons in the ester linkage –COO-CH2 and the peaks from 2.5 to 0.9 ppm 

corresponded to the protons in the cycloaliphatic rings in PCCD [figure 2.2 (a)]. For Per-

PDP-2-Diol, the aromatic protons appeared at 8.75 ppm for the eight protons of the perylene 

aromatic ring (labelled ‘d’) and at 7.00 ppm corresponding to the six protons of the PDP ring 

(labelled ‘e’), the – Ar-O-CH2-CH2-OH protons appeared at 4.16 and 4.02 ppm (labelled ‘f’ 

and ‘g’) respectively. In the 6 mol % perylene blend with PCCD [figure 2.2 (c)] the –CH2-

CH2-OH peak from Per-PDP-2-Diol shifted upfield from 4.02 to 4.47 ppm and 4.16 to 4.23 

ppm respectively upon formation of the new ester linkage. The formation of the new trans-

ester linkage involving PBI was confirmed by the shift of the –CH2-OH proton in the proton 

NMR spectra, which transformed into the new –CH2-O-COR linkage. This was additionally 

confirmed by the same shift observed for the copolyester of Per-PDP-2-Diol with DMCD and 

CHDM [MCPer-10; figure 2.2 (d)]. The 1H NMR spectra for commercial PCCD [figure 2.2 

(a)] showed the presence of two sets of doublets around 3.48 and 3.55 ppm (encircled in 

figure). This corresponded to the methylene protons of the CH2OH end groups.32 The 

polyesters obtained by the blending approach also showed [see encircled in figure 2.2 (c)] 

this doublet. The polyester prepared by the melt condensation route showed a singlet at 3.66 

ppm also in some cases [figure 2.2 (d), by asterisk] which corresponded to the methyl ester (-

CO-O-CH3) end groups from the DMCD component.32 

Figure 2.3 compares the 1H NMR spectra of OPV-2-Diol with that for BOPV-4-

PCCD. Similar to the observation with the perylene based copolyester, in the OPV polyester 

also, transesterification resulted in the formation of new trans-ester linkage confirmed by the 

shift of the –CH2-OH proton of OPV-2-Diol from 3.90 to 4.43 ppm to the new –CH2-O-COR 

linkage at 4.43 ppm. Figure 2.3 also shows the 1H NMR spectra of the donor-acceptor 

copolyester BPer-3-OPV-5-PCCD. The new transester linkage corresponding to both 

perylene as well as OPV overlapped and was observed at the same position at 4.43 ppm. But 

the aromatic protons corresponding to 8 protons of perylene at 8.74 ppm and six protons of 

OPV at 7.45 ppm clearly provided the proof for incorporation of both units using the blend as 

well as melt condensation approach.  
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Figure 2.2. Stack plot of  1H NMR spectra of PCCD, Per-PDP-2-Diol and copolymer BPer-

6-PCCD and MCPer-10. 
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Figure 2.3. Stack plot of 1H NMR spectra of OPV-2-Diol, copolymer BOPV-4-PCCD and 

donor-acceptor random copolymer BPer-3-OPV-5-PCCD. 

The incorporation of the perylene or OPV in the different copolyesters were 

calculated from the 1H NMR spectra by comparing the integration of peaks corresponding to 
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the perylene aromatic protons (labelled ‘d’) with that of the PCCD ‘b’ protons or OPV 

aromatic protons (labelled ‘k’) with that of the PCCD protons. In the copolyester containing 

both perylene and OPV, the aromatic units and the two protons corresponding to the cis and 

trans cycloaliphatic ring of PCCD (labelled ‘c’) were used to calculate the extent of 

incorporation of the donor and acceptor with respect to PCCD. Thus, the mol % of perylene 

incorporated in the blend series was determined as 1.2, 3.1, 6.0, 12.5, 21.0 and 35.0 mol % 

corresponding to feed taken for 2, 5, 10, 20, 30 and 50 mol % respectively. Although 50 mol 

% of Per-PDP-2-Diol was taken in the feed for the solution blending approach, the actual 

incorporation determined from 1H NMR was only 35 mol%. Beyond this the molecular 

weight of the obtained polymer was drastically reduced, so higher incorporation of perylene 

beyond 35 mol% was not pursued using the solution blending approach.  

The mol % of PBI incorporated in the melt condensation series was determined as 1.6, 

4.2, 9.8, 17.3, 28.4 and 42.6 mol % corresponding to feed taken for 2, 5, 10, 20, 30 and 50 

mol % respectively which are given in table 2.1 and table 2.2. Beyond 20 mol % of Per-PDP-

2-Diol in the feed, the polymer solubility reduced very much. The incorporation and 

molecular weight for the last two entries, i.e. 30 and 50 mol % in the feed were that of the 

soluble fraction only. The 100 mole % polymer of PBI with DMCD alone was an insoluble 

rock, and so was not considered for any further characterization. Thus, the limitation of the 

melt condensation approach was the insolubility of the polyesters having more than 20 mol % 

incorporation of the rigid perylene units. On the other hand, with the high-temperature 

solution-blending approach, upto 35 mol % incorporation of perylene could be achieved with 

reasonably good molecular weight and without losing out on solubility and processability. 

But the advantage of the melt condensation route was that for the same mol % perylene taken 

in the feed, more incorporation occurred in this route compared to solution blending. 

Figure 2.4 shows the plot of actual mole % incorporation against the feed intake in the 

case of PBI based copolyesters synthesized using the two approaches – solution blending and 

melt condensation. The difference in perylene incorporation between the two approaches 

became more prominent at higher perylene content in the feed. Similarly, the incorporation of 

OPV was determined to be 4 mol % for a feed intake of 5 mol % in both blend as well as melt 

condensation route. For 5 mol % each of OPV and PBI in the feed, random copolyesters 

incorporated more OPV compared to perylene using either approach as seen from the higher 

incorporation of OPV compared to PBI. 
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Figure 2.4. Mole % incorporation of PBI in the copolyesters as a function of Per-PDP-2-

Diol taken in feed by solution blending as well as melt condensation approach. 

2.3.2. Molecular Weights of Polymers 
 

The polymers were soluble in common chlorinated solvents such as DCM and 

chloroform at room temperature. The molecular weights of the polymers were determined by 

SEC in CHCl3 using polystyrene standards. Figure 2.5 (a) shows the size exclusion 

chromatogram for the polyesters prepared by the solution blending approach plotted along 

with that of the parent PCCD polymer (dotted line). The copolyesters all eluted slowly 

compared to PCCD indicating their lower molecular weights which was a consequence of the 

chopping of the polymer chains to incorporate the perylene. On the other hand, in the melt 

condensation approach, small incorporation of rigid units like perylene or OPV resulted in an 

increase in the molecular weight [figure 2.5 (b)]. For instance the Mw of PCCD synthesized 

via melt condensation was 20,500 whereas a 2 mol % incorporation of Per-PDP-2-Diol 

resulted in copolyester with Mw 58,300. Comparing ~ 5 mol % incorporation of perylene 

versus OPV, MCOPV-4 exhibited higher Mw of 62,700 whereas Mw of MCPer-4 was 

36,800.  

Figure 2.5 (c) compares the effect of increased incorporation of Per-PDP-2-Diol upon 

Mw for copolymers produced by the solution blending and melt condensation approaches. 

For similar perylene incorporation, the molecular weight was higher for the copolyesters 

produced via solution blending approach. The solution blending approach was conducted 

with commercial PCCD (Mw: 58,000) which had a considerably higher molecular weight 
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compared to the laboratory prepared PCCD (Mw: 20,500). The advantage of the solution 

blending approach over the melt condensation route was the ability to incorporate higher mol 

% of the n-type semiconducting perylenebisimide unit (35 mol %) with high molecular 

weight (Mw: 6,900 and Mw: 13,000) and still remain completely soluble in common organic 

solvents like chloroform. In contrast, the polymers from the melt condensation approach, the 

maximum perylenebisimide incorporation which allowed complete solubility in CHCl3 was 

only 17 mol % (Mw: 9,200). Table 2.1 and 2.2 also gives the solution viscosity measured in a 

solvent mixture of phenol/1,1,2,2-tetrachloroethane of composition (60/40) for all the 

polymers. For instance, the inh of PCCD synthesized by melt condensation approach was 

0.31, which nearly doubled to 0.57 upon incorporation of < 2 mole % PBI and to 0.43 upon 

incorporation of ~ 4 mole % of OPV. The commercial PCCD had a very high inh of 0.89. 

Upon incorporation of more PBI, the inh reduced drastically to ~ 0.13 for ~ 35 mole % PBI 

incorporation. 
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Figure 2.5. SEC of copolyesters produced by the (a) solution blending approach and (b) melt 

condensation approach recorded in chloroform using polystyrene as standard; (c) plot 

comparing the molecular weight (Mw) of copolyesters produced by solution blending as well 

as melt condensation approach as a function of increased incorporation of perylene. 
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2.3.3. Thermal Properties of Polyesters 
 

Figure 2.6 shows the TGA analysis for both series of polymers. The 10 % weight loss 

temperature is given in the tables 2.1 and 2.2. The incorporation of rigid units like perylene or 

OPV improved the thermal stability of the copolymers and they were all thermally stable up 

to 380 oC.  

 

 

 

 

 

 

 

Figure 2.6. TGA thermograms of PCCD, Per-PDP-2-Diol, OPV-2-Diol and copolyesters 

produced by (a) solution blending approach and (b) melt condensation polymerization. 

Figure 2.7 (a) compares the second heating DSC thermogram of commercial PCCD 

and laboratory synthesized PCCD. The former exhibited a Tg around 69 oC, an exothermic 

crystallization at 115 oC followed by a melting at 218 oC.33 On the other hand, the 

thermogram of the laboratory synthesized PCCD was very different. It showed a much lower 

value for Tg ~ 42 oC and did not exhibit any other transitions. The reason for this difference 

lies in the stereochemistry of the 1,4-cyclohexylene rings in the final polymer.33 Commercial 

PCCD and laboratory synthesised PCCD are developed using DMCD having different trans 

content, 90 % and 50 % respectively. Higher the trans content, higher is the ability of the 

polymer to crystallize.33 Thus commercial PCCD is a semicrystalline polymer whereas the 

laboratory synthesized PCCD was amorphous. The Per-PDP-2Diol did not show a melting 

transition upon heating till 350 oC, whereas the OPV-2-Diol melted at 108 oC [see figure 2.7 

(b)].  

 



                                                                                                                         Chapter 2 

46 
 

0 50 100 150 200 250

 

42 oC

67 oC

218 oC

PCCD-Blend

H
ea

t F
lo

w
 (W

/g
)

Temperature (oC)

115 oC

PCCD-MC

(a)

0 50 100 150 200 250 300

 

Temperature (oC)

 Second heating
 First cooling

(b)
 

 

 

 

  

 

Figure 2.7. DSC thermograms of (a) PCCD-Blend, PCCD-MC and (b) OPV-2-Diol at 

heating rate of 10 oC/min. 
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Figure 2.8. DSC thermograms of polymers produced by (a) solution blending approach and 

(b) melt condensation. 

Figure 2.8 shows the stack plot of the second heating scans in the DSC thermograms 

of the copolyesters with ~ 5 mol % perylene or OPV, the donor-acceptor random copolymer, 

the copolymer with the highest perylene incorporation (35 mol % via blending and 43 mol % 

via melt condensation) and PCCD obtained using both solution blending and melt 

condensation routes. A Tg and melting transition were clearly observable in all cases except 

for the highest incorporation of perylene in the copolymers produced by solution blending 
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approach (values of Tg are given in tables 2.1 and 2.2). In contrast, the copolymers produced 

by melt condensation approach were characterized by only a Tg as they were amorphous 

polymers. The Tg value increased from 42 oC for laboratory synthesized PCCD to 46 oC for 

MCPer-2 and 50 oC for MCOPV-4 indicating the increased stiffness upon incorporation of 

rigid PBI or OPV units into the cycloaliphatic backbone.  

2.3.4. Wide-angle X-ray Diffraction (WXRD) 
 

The two series of polymers produced by solution blending and melt condensation 

approach were analyzed for their bulk packing using wide angle X-ray diffraction (WXRD) 

in the range of 2 = 5-50 at room temperature (25 oC). Figure 2.9 shows the WXRD patterns 

of PCCD along with that of two copolymers at low PBI incorporation obtained using the 

solution blending as well as melt condensation approaches. The peak position as well as 

pattern of the commercial PCCD and low PBI incorporated polymer samples by solution 

blending indicated evidence for ordered organization in the same crystalline phase 

comparable to literature reports.33 On the other hand, the PCCD and copolymers produced by 

melt condensation showed distinct differences in the WXRD pattern. The copolymers showed 

broad featureless patterns indicating absence of crystallinity.  
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Figure 2.9. WXRD traces of copolyesters produced by the (a) solution blending and (b) melt 

condensation approach. 
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2.3.5. Optical Properties of Polymers 
 

 The optical properties of the polymers were investigated by UV-Vis and fluorescence 

spectroscopy in both solution and solid state. The copolyesters of perylene showed the typical 

absorption of perylene with peaks in the range of 400-530 nm, corresponding to the 0–0, 0–1, 

0–2, and 0–3 electronic transitions in chloroform.34 Emission from the copolymers was 

studied by exciting at the absorption wavelength of 490 nm. Figure 2.10 (a) and (b) compares 

the normalized absorption and emission of BPer-3-PCCD in chloroform as well as in film 

state spin-coated from chloroform solution. The absorption spectrum in the solid state was 

broad and the ratios of peak intensities were different compared to that in solution indicating 

aggregation.34 In solution, typical emission of perylenebisimides with peak maxima at 535, 

578, 625 nm was observed whereas in the solid state, perylene monomer emission at 535 nm 

was hugely suppressed and a red shifted intense broad aggregate emission was observed at 

616 nm.34  
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Figure 2.10. Normalized (a) absorption and (b) emission of BPer-3-PCCD prepared by high 

temperature blending in the solution (chloroform) as well as in film spin-coated from 

chloroform; (c) plot comparing the fluorescence quantum yield (ΦFL) as a function of PBI 

incorporation for the two series of PBI copolyesters obtained by melt condensation and 

solution blending.  
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Table 2.3 gives the fluorescence quantum yield data for all the copolymers along with 

that of the starting fluorophores – Per-PDP-2-Diol and OVP-2-Diol. Per-PDP-2-Diol 

exhibited only weak fluorescence which got enhanced upon its esterification in polymer 

backbone. Thus the ΦFL increased from 0.057 for Per-PDP-2-Diol to 0.18 in the 2 mol % 

perylene incorporated polymer BPer-2-PCCD. As perylene incorporation increased a 

decrease in fluorescence quantum yield was observed which could be attributed to 

aggregation induced quenching.35  

Table 2.3. Photophysical properties Per-PDP-2-Diol, OPV-2-Diol and polymers prepared by 

solution blending in CHCl3 solution.  

 

 

 

 

 

 

 

 

 

 

 

 

a. Excitation at 490 nm   

b. Excitation at 390 nm 

c. The fluorescence quantum yields for PBI polymers were obtained upon excitation at 

490 nm and were measured using rhodamine-6G in ethanol as a standard. 

d. The fluorescence quantum yields for OPV polymers were obtained upon excitation at 

360 nm and were measured using 0.1OD quinine sulphate solution at 360 nm in 0.1M 

H2SO4 solution. 

 

Figure 2.10 (c) compares the decrease in fluorescence quantum yield for the perylene 

copolyesters synthesized using the two routes – melt condensation and solution blending. It 

Sample 
(In CHCl3) Absorption 

peak 

  (nm) 

Emission 

max (nm) 

Quantum 
yield                                 

Perylene
c 

Quantum  
yield        
OPV

d 

Per-PDP-2-Diol 527 535a 0.057 - 
BPer-2-PCCD 527 535a 0.177 - 
BPer-3-PCCD 527 535a 0.168 - 
BPer-6-PCCD 527 535a 0.129 - 
BPer-13-PCCD 527 535a 0.115 - 
BPer-21-PCCD 527 535a 0.105 - 
BPer-35-PCCD 527 535a 0.083 - 

OPV-2-Diol 394 445b - 0.20 
BOPV-4-PCCD 390 445,470b - 0.50 

BPer-3-OPV-5-PCCD 390,527 445,b 535a  0.14 0.22 
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can be seen from the figure that although the emission quantum yield reduced with increasing 

PBI incorporation, the polymers produced by the solution blending approach exhibited higher 

quantum yields compared to those prepared by the melt condensation route having similar 

perylene incorporation. This indicated different extents of aggregation of perylene in the 

polymers produced using the two routes. The statistically random incorporation of perylene 

during the melt condensation process resulted in perylene aggregation beyond 10 mole % 

incorporation. On the other hand, the transesterification method of perylene incorporation 

during solution blending resulted in polymers where the PBI units were segmented by blocks 

of PCCD units, which reduced their aggregation and thereby imparting higher fluorescence 

quantum yields. This structural difference of the polymers was also evident in their DSC 

thermograms which showed that the polymers produced by solution blending were more 

crystalline (contributed by crystalline PCCD domains) compared to those produced by melt 

condensation approach which were all amorphous. 

Figure 2.11 shows the normalized absorption and emission spectra of BOPV-4-

PCCD recorded in chloroform as well as in film spin-coated from chloroform solution. The 

OPV copolyester exhibited absorption maximum at 390 nm and emission maximum at 445 

nm with a shoulder peak at 470 nm in chloroform.36 The solid state emission was red shifted 

with a peak maximum at 480 nm due to the aggregation of OPV units in the polymer.37  
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Figure 2.11. Normalized (a) absorption and (b) emission of BOPV-4-PCCD prepared by 

high-temperature solution-blending in the solution (chloroform) as well as in film spin-

coated from chloroform. 
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Figure 2.12 shows the normalized absorption and emission spectra of BPer-3-OPV-5-

PCCD recorded in chloroform as well as in film spin-coated from chloroform. The 

absorption spectra did not give any indication of electronic interaction between OPV and 

perylene units in the ground state as the peak maxima of absorption were exactly identical to 

that of the individual components as earlier report.38 Excitation at 390 nm resulted in both 

OPV emission at 445 nm as well as weak emission corresponding to perylene as shoulder 

peaks at 535 and 578 nm. It could be concluded that the peaks at 535 nm and beyond was due 

to sensitized emission from perylene upon excitation of OPV units at 390 nm. In the solid 

state the absorption peaks were shifted to higher wavelength and the intensity of vibronic 

transitions change drastically as reported in literature.39 Incorporation of PBI into the donor 

polymer backbone resulted in the quenching of both donor and acceptor emission by 

monitoring the PL emission from OPV unit. Energy transfer is excluded from the mechanism 

of the OPV luminescence quenching in donor-acceptor polymer because the characteristic 

emission of PBI was not observed when the BPer-3-OPV-5-PCCD polymer was excited at 

395 nm. The observed quenching of photoluminescence that occurred in BPer-3-OPV-5-

PCCD could be attributed to photoinduced electron-transfer from donor (OPV unit) to 

acceptor (PBI unit). 
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Figure 2.12. Normalized (a) absorption and (b) emission of BPer-3-OPV-5-PCCD prepared 

by high-temperature solution-blending in the solution (chloroform) as well as in film spin-

coated from chloroform. 
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2.3.6. Electrochemical Properties  
 

The electrochemical behaviour of the BPer-3-PCCD, BOPV-4-PCCD and BPer-3-

OPV-5-PCCD were investigated by cyclic voltammetry (CV), which were performed in 

dichloromethane containing 0.1 M TBAPF6 (tetra-n-butylammonium hexafluorophosphate) 

as electrolyte. Table 2.4 gives their redox behaviour and figure 2.13 shows the stack plot of 

their cyclic voltametry curves. Normally perylene bisimides show two reduction peaks 

corresponding to the formation of the mono and dianion respectively.40 But the perylene 

copolymer BPer-3-PCCD had only one reversible reduction at -1.33 V because of the low 

content of PBI in the polymer backbone.41 The OPV copolymer BOPV-4-PCCD had two 

reversible oxidation at 0.59 V and 1.23 V corresponding to mono and dication of OPV unit.42 

The redox behaviour of BPer-3-OPV-5-PCCD in dichloromethane indicated both oxidative 

and reductive processes. A reversible reduction peak was observed at -1.23 V corresponding 

to the reduction of the perylene moiety and a quasi reversible oxidation peak was observed at 

0.81 V corresponding to the OPV moiety although in the cathodic scan it resolved as two 

peaks.43 However, in BPer-3-PCCD and BPer-3-OPV-5-PCCD, the perylene showed only a 

single two electron peak. The HOMO energy value for the OPV was estimated from the onset 

potentials of oxidation, while the LUMO energy values for the perylene was estimated from 

the onset of reduction event. After calibration of the measurements against Fc/Fc+, the 

oxidation potential of which is assumed at 4.8 eV below the vacuum level, the HOMO and 

LUMO energy levels were calculated according to the following equations,44 

(ܸ݁)ுைெைܧ = ௫௦௧ܧൣ− − (ାܨ/ܨ)ଵ/ଶܧ + 4.8൧ 

(ܸ݁)ெைܧ = ௗ௦௧ܧൣ− − (ାܨ/ܨ)ଵ/ଶܧ + 4.8൧ 

where E1/2(Fc/Fc+) is the half-wave potential of the ferrocene/ferrocenium couple measured 

relatively to Ag/Ag+. The HOMO energy levels of perylene moiety and LUMO energy levels 

of OPV moiety were estimated from the optical band gap and cyclic voltammetry data. The 

optical energy gap Eg
opt was determined from the onset of absorption in the solid state using 

the equation Eg
opt = 1240/onset. 

The HOMO-LUMO values and the observation of electron transfer in these systems 

suggested that they were suitable materials for application as active components in 

photovolataic devices. The optimization of the energy transfer could be attained by varying 
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the extent of incorporation of the donor and acceptor units and also by designing different 

donor and acceptor combinations with the required functionality for transesterification.   
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Figure 2.13. Cyclic Voltammograms of BPer-3-PCCD, BOPV-4-PCCD and BPer-3-OPV-5-

PCCD.  

Table 2.4. Cyclic Voltammogram data of BPer-3-PCCD, BOPV-4-PCCD and BPer-3-OPV-

5-PCCD. Measurement was calibrated with ferrocene/ferrocenium redox system Vs Ag/Ag+. 

 

2.3.7. Thin Film Formation 

Free-standing films could be formed for polymers synthesized using high-temperature 

solution-blending approach signifying their high mechanical stability. Figure 2.14 a, b, c 

shows the free standing films prepared from 1 wt % CHCl3 solution of BPer-3-PCCD, 

BOPV-4-PCCD and BPer-3-OPV-5-PCCD respectively. The polymer synthesized by melt 

condensation method formed only brittle films which could not be peeled off. Figure 2.14 d, e 

and f shows the image of the three polymer films upon observation under 365 nm hand-held 

UV lamp. The emission from BOPV-4-PCCD showed bluish green emission whereas the 

emission from the other two samples was completely quenched in the solid state.  

 
Polymer 

 
Eox (V) 
OPV 

 
Ered  (V) 

PBI 

 
LUMO 

(eV) 

 
HOMO 

(eV) 

Eg 
(optical) 
(Film) 
(eV) 

BPer-3-PCCD - -1.33 -3.88 -6.05  2.17 
BOPV-4-PCCD 0.59, 1.23 - -2.30  -5.11 2.81 

BPer-3-OPV-5-PCCD 0.81 -1.23  -3.86  -5.38  2.17 
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Figure 2.14. Photograph of a) BPer-3-PCCD, b) BOPV-4-PCCD and c) BPer-3-OPV-5-

PCCD drop cast from a 1 weight % solution in chloroform. The respective films upon 

observation under UV lamp (365 nm) [d) BPer-3-PCCD, e) BOPV-4-PCCD and f) BPer-3-

OPV-5-PCCD]. 

2.4. Conclusion 
In conclusion we have demonstrated a successful strategy for incorporation of 

fluorescent chromophores like perylenebisimide (PBI) and oligo(p-phenylenevinylene) 

(OPV)  into the backbone of an engineering thermoplastic polyester [Poly(1,4-

cyclohexylenedimethylene-1,4-cyclohexanedicarboxylate)] (PCCD). This approach is 

extendable to a variety of chromophores after suitable end functionalization for 

transesterification. The chemical incorporation of these chromophores into the polyester 

backbone was also proved by carrying out the melt condensation of the polymers from the 

monomers 1,4-cyclohexanedimethanol (CHDM) and 1,4-dimethylcyclohexane dicarboxylate 

(DMCD) with varying mole ratios of terminal hydroxyl functionalized PBI and OPV 

derivatives. The advantages of solution blending over melt condensation are its ease of 

synthesis, high incorporation (> 30 mole % of PBI) of the desired chromophore while still 

retaining high molecular weight and solubility in common organic solvents. Commercial 

PCCD is semicrystalline with a glass transition temperature (Tg) around 69 C, while the 

laboratory synthesized PCCD and its copolymers with PBI or OPV derivative were 

amorphous with a much lower Tg (< 50 C). This packing difference was also reflected in 

their photophysical properties with the polymers developed via the solution blending 

approach showing less aggregation tendency compared to melt condensation polymers and 

higher fluorescence quantum yield for polymers of similar perylene incorporation. Polymers 

synthesized using solution blending approach also possesses the required thin film 
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processability for organic solar cell. The covalent incorporation of both donor and acceptor 

moieties are also expected to improve the morphology of the resultant polymer. Thus the 

reactive solution blending approach to covalently incorporate the desired chromophores into 

high molecular weight polymer backbones has the potential to develop polymers for 

applications like organic solar cells and luminescent solar collectors. 
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Chapter 3 

Chiral Poly(ʟ-lactic acid) Driven  Helical Self-

Assembly of Oligo(p-phenylenevinylene) 
 

The synthesis and self-assembly of a series of copolyesters incorporating varying mol 

ratios of an achiral oligo(p-phenylenevinylene) (OPV) into the backbone of a chiral poly(ʟ-

lactic acid) (PLLA) via high-temperature solution-blending is reported. The polymers were 

characterized by 1H NMR spectroscopy and size exclusion chromatography (SEC) and their 

bulk properties were investigated by differential scanning calorimetry (DSC) and wide-angle 

X-ray diffraction (WXRD). DSC and WXRD analysis confirmed the crystallinity and - 

stacking of the OPV units in the PLLA-OPV copolyester. Absorption, emission and lifetime-

decay studies showed that OPV chromophore was highly aggregated in the solid state. The 

solid powder samples of the copolyesters exhibited intense red shifted aggregate emission 

beyond 470 nm. Circular dichroism (CD) spectroscopy, scanning electron microscopy (SEM) 

and atomic force microscopy (AFM) studies revealed that the PLLA-OPV copolyester 

formed self-assembled architecture in which the helical organization of the achiral OPV 

segments was dictated by the chiral PLLA segments. The observed CD signal and AFM 

image accounted for right-handed helical self-assembly of OPV chromophore in the solid 

state. These results confirmed the effect of chiral PLLA segment on tuning the OPV 

chromophore packing and supramolecular chirality in molecular aggregates. The 

methodology illustrated here provides opportunities for the design of a new class of 

hierarchical self-assembled architectures based on organic π-conjugated materials and the 

manipulation of their optical properties. The nanofibers of copolyester of PLLA 

incorporating OPV chromophore were successfully constructed by electrospinning technique 

and the fluorescence microscopy images of these fibers showed both blue and green emission 

upon excitation at different wavelengths. 
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3.1. Introduction 
 

Supramolecular π-conjugated materials based on organic molecules and polymers 

have been widely studied due to their potential applications in electronic devices like 

photovoltaics, light emitting diodes and chemical and biosensors.1-4 Nature controls the 

architecture of supramolecular assemblies, such as the DNA double helix, the photosynthetic 

reaction centres and the collagen triple helix etc, which are vital for sustaining life.5 Both 

covalent and noncovalent chemistry play important roles in this creativity and chemists try to 

mimic the molecular architectures of such functional assemblies. Over the past decade, 

several noncovalent interactions such as hydrogen bonding, electrostatic interactions, π-π 

stacking, dipolar interactions, chirality, and so forth, have been identified as enabling the 

construction of various hierarchical architecture from specially engineered small molecule 

building blocks.6-9 The chiral self assembly of linear π-conjugated systems makes them 

interesting as optical probe molecules for various applications.10-12 The optical and electronic 

properties of devices made up of these π-conjugated materials are sensitive to conformational 

changes upon intermolecular interactions.13-15 Oligofluorenes, oligothiophenes, 

oligophenylenes and oligophenylenevinylenes were reported for chiral self-organization in π-

conjugated materials.16-18 High luminescent characteristics, thermal and optical stability, film 

forming tendency and solubility in organic solvents make oligo(p-phenylenevinylene) (OPV) 

chromophore very unique compared to other π-conjugates.19, 20 

The self organization of oligo(p-phenylenevinylene) (OPV) chromophore via 

hydrogen bonding, π-π stacking and metal-ion interactions etc has been reported and the 

resultant structure were tested successfully as active layer in electronic devices.21-24 In most 

of the cases, helicity has been achieved by the use of chiral monomers. Meijer and co-

workers have made significant contributions to the helical self-assembly of π-conjugated 

oligomers derived from phenylenevinylenes where the chirality of the attached side chains 

was translated to the conjugated oligomer backbone at a supramolecular level.25, 26 However, 

the lack of control over the chirality outcome and tedious asymmetric synthesis make the 

design of chiral monomers a challenging task. A different approach towards helical system is 

to use host-guest chemistry to induce tunable chirality to the achiral host by specific 

recognition of appropriate chiral guest molecules, for which a careful design is needed.27 Yet 

another category that has received lot of attention is the helical self-assembly of the achiral π-

conjugated oligomers by the chiral peptide segments. Examples are the solid state self-

assembly of peptide-functionalized tetrathiophene and the aqueous supramolecular 
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aggregates of ʟ-lysine branched phenylvinylene derivative.28, 29 Synthesis and self-assembly 

of oligo(p-phenylenevinylene)-peptide conjugates in solution and at the solid-liquid interface 

was also reported. 30  

Inspired by the concept of chiral information transfer from the molecular level to 

macroscopic features, we have designed a series of copolyesters composed of a chiral poly(ʟ-

lactic acid) (PLLA) and an achiral oligo(p-phenylenevinylene). Poly(ʟ-lactic acid) (PLLA) is 

a chiral  semicrystalline aliphatic polyester derived from renewable resources such as corn 

and rice.31 PLLA is the depsipeptide  counterpart to polyalanine wherein each amide linkage 

is replaced by an ester. The n→π* interactions between sequential ester carbonyl groups 

contribute to the conformational stability of PLLA helix.32 The helical molecular 

conformation in PLLA produces large optical activity and this phenomenon is promising for 

new optical applications utilizing their optical activity.31 In the current chapter, we describe 

the synthesis of a series of PLLA-OPV random copolyesters incorporating varying amounts 

of oligo(p-phenylenevinylene) (OPV) by high-temperature solution-blending approach and 

the helical self-assembly of the achiral OPV segments by the chiral PLLA segment was 

studied. The structure and bulk properties of the PLLA-OPV copolyesters were studied using 
1H NMR spectroscopy, size exclusion chromatography (SEC), differential scanning 

calorimetry (DSC) and wide-angle X-ray diffraction (WXRD). The photophysical properties 

were studied using steady-state UV-vis absorption and fluorescence spectroscopy as well as 

fluorescence lifetime-decay measurements. The helical self-assembly of OPV segments by 

chiral PLLA was monitored via CD spectroscopy and the morphological features were 

revealed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The 

PLLA induced self-assembly of OPV chromophore is reflected in their packing structure, 

optical properties and morphology. This molecular design can be applied to other π-

conjugated chromophores to diversify their self-assembly pattern, morphologies, optical and 

electronic properties. 

Nanofibers of random copolyester incorporating OPV has been successfully produced 

using the electrospinning technique. Electrospinning is a simple but advanced technique, 

which has attracted widespread attention for fabrication of micro-/nano fibers in recent 

years.33 Electrospinning possesses great advantages including simplicity of use, potential 

scale up and versatility in spinning a wide variety of polymeric fibers. This method involves 

the application of a high voltage source to obtain fibers whose diameters range from several 

nanometers to microns. These fibers were analyzed using microscopic techniques like 

scanning electron microscopy (SEM) and fluorescence microscopy. 
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3.2. Experimental Methods 
 

3.2.1. Materials: (3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione (ʟ-lactide), tin(II) 2-

ethylhexanoate (Sn(Oct)2), 4-methoxyphenol, 2-ethylhexylbromide, triethylphosphite, 4-

hydroxybenzaldehyde,  potassium-tert-butoxide, titanium(IV) butoxide (Ti(OBu)4),  and 

ortho-dichlorobenzene (ODCB) were purchased from Aldrich and used without further 

purifications. HBr in glacial acetic acid, paraformaldehyde, 2-chloroethanol and all other 

solvents were purchased locally and purified with standard procedures. 

3.2.2. Instrumentation: 1H NMR spectra were recorded using a Bruker Avance 200 MHz 

spectrometer. Chemical shifts (δ) are reported in ppm at 25 oC with a small amount of 

tetramethylsilane (TMS) as internal standard. The mass spectral analysis of monomer was 

carried out using a Voyager-De-STR MALDI-TOF (Applied Biosystems, Framingham, MA, 

USA) instrument equipped with 337 nm pulsed nitrogen laser used for desorption and 

ionization. The molecular weight of synthesized polymers was determined using size 

exclusion chromatography (SEC). GPC measurements were carried on a Polymer 

Laboratories PL-GPC-220 at 25 oC using chloroform (Merck) as the mobile phase. The 

analysis was carried out at a flow rate of 1 mL/min using a set of three PLgel columns and a 

refractive index (RI) detector. This column set enabled the determination of a wide range of 

molecular weight from 102 to 106. Columns were calibrated with polystyrene standards and 

the molecular weights reported were with respect to polystyrene. The inherent viscosity (ηinh) 

of the polymers was measured for 0.5 wt % polymer solutions in chloroform. The absorption 

spectra in a chloroform solution were recorded using a Perkin-Elmer Lambda 35 UV-Vis 

spectrophotometer. The absorption spectra of the powdered polymer samples were recorded 

using a JASCO model V-570 spectrophotometer in the reflectance mode. Steady-state 

fluorescence studies and fluorescence lifetime-decay measurements were performed using 

Horiba Jobin Yvon Fluorolog 3 spectrophotometer having a 450 W xenon lamp for steady-

state fluorescence and nanoLED of 390 nm for fluorescence lifetime-decay measurements. 

For lifetime measurements, decay curves were obtained by the time-correlated single photon 

counting (TCSPC) technique. The fluorescence quantum yield of the polymers were 

determined in CHCl3 using quinine sulphate in 0.1 M H2SO4 (ɸ = 0.54) as the standard by 

exciting at 360 nm. Solid state photoluminescence spectra were recorded using the front face 

scan mode with the same Fluorolog spectrofluorimeter. The thermal stability of the polymers 

was analyzed using a Perkin-Elmer thermogravimetric analyzer under nitrogen atmosphere at 
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heating rate of 10 oC/min. Differntial scanning colorimetry (DSC) was performed using TA 

Q10 differential scanning calorimeter at heating rate of 10 oC/min. Wide-angle X-ray 

diffraction (WXRD) were recorded by Phillips x’pertpro powder X-ray diffractometer using 

Cu Kα radiation, and the spectra were recorded in the range of 2θ = 5-35°. Circular dichroism 

(CD) spectra were measured in JASCO J815 spectrometer from 550-200 nm. Atomic force 

microscopy (AFM) images were taken by using a Multimode scanning probe microscope 

equipped with a Nanoscope IV controller from Veeco Instruments, Inc. in the tapping mode 

using a SiN probe. The electrospinning apparatus consists of a syringe pump, syringe needle, 

high voltage power supply and a grounded collector. Polymer solution was loaded into a 

syringe and positive electrode was clipped onto the syringe needle. The flow rate of the 

polymer solution to the needle tip was kept constant. Solutions were electrospun horizontally 

onto the target. Scanning electron microscopy (SEM) images were recorded using FEI, 

QUANTA 200 3D scanning electron microscope with a tungsten filament as electron source. 

The fluorescence microscopy images were recorded by Epi-fluorescence microscope Leitz 

Laborlux, Germany, and images were observes by a cannon power shot S80 camera 

[excitation wavelengths: 350-430 nm (blue) and 488-520 (green)]. 

3.2.3. Synthesis 
 

Synthesis of poly(ʟ-lactic acid) (PLLA): PLLA was synthesized by following the literature 

procedure.34 ʟ-Lactide was sealed in a silanized glass tube and placed in an oil bath at 180 °C 

for 3 h. The ring-opening polymerization of the ʟ-lactide was catalyzed by Sn(Oct)2 in a 

1:10000 catalyst:monomer ratio. The polymer was dissolved in chloroform and poured into 

methanol to separate any residual ʟ-lactide. The polymer was filtered and dried in oven at 60 
oC. Yield: 95.60 %; 1H NMR (200 MHz, CDCl3) δ ppm: 5.16 (q, 1H, –CH(CH3)–COO–), 

1.56 (d, 3H, ‒CH3). 

 Synthesis of copolyesters of PLLA incorporating OPV chromophore by high-

temperature solution-blending (PLLA-OPV-x): PLLA (0.68 g, 9.5 mmol) and OPV-2-

Diol (0.28 g, 0.5 mmol) were dissolved in ODCB (0.5 mL) by heating at 160 C in an oil bath 

(for PLLA-OPV-4). The mixture was stirred for 30 min using an overhead mechanical stirrer 

at a constant rate of 100 rpm. To this mixture, Ti(OBu)4 (34 mg, 1 mol %) solution in ODCB 

was added and the reactive blending was continued with stirring at 160 C for 1 h. The 

product was dissolved in chloroform and precipitated into methanol. The polymer was 
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filtered and dried in oven at 60 oC. Yield: 70.00 %; 1H NMR (200 MHz, CDCl3) δ ppm: 

6.89–7.51 (Ar–H and vinylic H), 5.16 (–CH(CH3)–COO–), 4.33‒4.51 (‒COO‒CH2‒CH2‒), 

3.90‒4.17 (Ar‒O‒CH2–, Ar‒O‒CH3, Ar‒O‒CH2–CH2–OH end group), 2.69 (‒OH), 

0.90‒1.80 (‒CH3 in PLLA part and aliphatic H from OPV part). 

A similar procedure was employed to synthesize the PLLA-OPV-x series of polyesters by 

changing the molar ratio of OPV-2-Diol in the feed from 0.5 to 5 mol%. 

Synthesis of nanofibers: Polymer solution was prepared by dissolving 100 mg of polymer in 

1 mL of DCM (10 wt % solution). This solution was subjected to a high electric field of 

about 10 kV for electrospinning. The tip to collector distance was fixed at 12 cm and the 

feeding rate was 0.5 mL h-1. The fibers thus obtained were dried in an oven at 60 oC for 2 h.  

3.3. Results and Discussions 

3.3.1. Synthesis and Characterization of Polymers 
High molecular weight poly(ʟ-lactic acid) (PLLA) was synthesized by the ring-

opening polymerization (ROP) of (3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione catalyzed by 

Sn(Oct)2 as shown in scheme 3.1.34 The hydroxyl functionalized OPV derivative (OPV-2-

Diol) was synthesized as discussed previously in chapter 2.35 The high-temperature solution-

blending of OPV-2-Diol with PLLA was carried out by dissolving PLLA and OPV-2-Diol in 

minimum amount of a high boiling solvent like ODCB and heating in presence of 1 mol % of 

transesterification catalyst Ti(OBu)4 as shown in scheme 3.2. The blending was carried out in 

a cylindrical glass reactor at 160 oC for 1 h with constant stirring using mechanical stirrer, 

under continuous nitrogen flow. For workup, the polymer was dissolved in chloroform and 

precipitated into methanol.  

 
Scheme 3.1. Synthesis of poly(ʟ-lactic acid) (PLLA) using ring-opening polymerization of 

(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione. 

The copolyesters obtained were named as PLLA-OPV-x where x represented the 

actual mole % incorporation of OPV calculated from integration of 1H NMR signal. Table 3.1 

gives the sample name, amount of hydroxyl functionalized OPV taken in the feed, the actual 
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incorporation determined using 1H NMR spectroscopy, molecular weight determined using 

size exclusion chromatography (SEC) in CHCl3 using polystyrene standard, the 10 % weight 

loss temperature obtained from thermal gravimetric analysis (TGA) as well as the yield of the 

various copolyesters.  
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Scheme 3.2. Synthesis of PLLA-OPV-x copolyesters by high-temperature solution-blending 

of OPV-2-Diol with PLLA. 

The structures of polymers were confirmed by 1H NMR spectroscopy and molecular 

weights were determined using size exclusion chromatography (SEC). Figure 3.1 compares 

the 1H NMR spectra of PLLA and OPV-2-Diol with that of the copolyester PLLA-OPV-4. 

The structure of the molecules is given and the different types of protons are assigned by 

alphabets. In OPV-2-Diol, the Ar‒O‒CH2‒CH2‒ and Ar‒O‒CH2‒CH2‒ protons appeared at δ 

= 4.11 and 3.95 ppm (labelled e and f) respectively. In OPV incorporated PLLA, a new peak 

at 4.33‒4.51 ppm (labelled e’ and f’) corresponding to –COO‒CH2‒CH2‒ was observed 

[figure 3.1 (c)]. The formation of new trans-ester linkage involving OPV was confirmed by 

the shift of the Ar‒O‒CH2‒CH2‒ proton in the proton NMR spectra, which transformed into 

the new ‒COO‒CH2‒CH2‒O‒Ar linkage. An attempt was made to determine the mol% 

incorporation of OPV in the different copolyesters by by comparing the integration of peaks 

corresponding to the OPV aromatic protons (labelled c) with that of –CH(CH3)–COO– 

proton (labelled a) of the PLLA. The mol % incorporation of OPV unit in PLLA-OPV-x was 

determined as 0.5, 1, 2, 3 and 4 mol % corresponding to the intake feed of 0.5, 1, 2, 3 and 5 

mol % respectively. Beyond this the molecular weight of the obtained polymer was 

drastically reduced, so higher incorporation of OPV beyond 4 mol% was not pursued. It was 

very difficult to accurately determine the low OPV content in the polymers by NMR. More 
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accurate information regarding the mol% incorporation of OPV into the PLLA backbone was 

obtained using Beer-Lamberts Law, using the molar extinction coefficient of OPV-2-Diol as 

32059 L M-1 cm-1 in chloroform. The mol % incorporation of OPV unit in PLLA-OPV-x was 

determined as 0.79, 1.27, 2.36, 3.44 and 3.93 mol % corresponding to the intake feed of 0.5, 

1, 2, 3 and 5 mol % respectively. These results are well agreement with the mol % 

incorporation of OPV units calculated from 1H NMR. 

 

Figure 3.1. 1H NMR spectra of (a) PLLA, (b) OPV-2-Diol and (c) PLLA-OPV-4 recorded in 

chloroform. 
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Table 3.1. Polymer designation, feed ratio, actual incorporation determined from 1H NMR 

and absorption spectra, molecular weight (Mw), polydispersity index, 10 % weight loss 

temperature (TD) and yield of polymers. 

 

a. Measured in chloroform solution. 

b. Measured by size exclusion chromatography (SEC) in chloroform (CHCl3), 

calibrated with linear, narrow molecular weight distribution polystyrene as standards. 

c. Determined in chloroform. 

d. Determined by TGA. 

3.3.2. Molecular Weights of Polymers 
 

The polymers were soluble in common organic solvents such as chloroform and 

dichloromethane at room temperature. The molecular weights of the polymers were 

determined by size exclusion chromatography (SEC) in CHCl3 using polystyrene standards. 

Figure 3.2 shows the size exclusion chromatogram of the copolyesters along with that of the 

parent PLLA polymer and corresponding molecular weights are given in table 3.1. Molecular 

weights of polyesters decreased with increasing OPV content which was a consequence of 

the chopping of the PLLA chains to incorporate OPV units by transesterification. Exchange 

reactions can occur inter- or intramolecularly, and can involve ester, hydroxyl and carboxyl 
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PLLA - - - 100600 1.8 1.01 268 96 

PLLA-OPV-0.5 99.5:0.5 99.5:0.5 0.79 45700 1.6 0.42 260 92 

PLLA-OPV-1 99:1 99:1 1.27 18100 1.6 0.29 229 85 

PLLA-OPV-2 98:2 98:2 2.36 8500 1.2 0.22 209 81 

PLLA-OPV-3 97:3 97:3 3.44 7700 1.2 0.18 205 75 

PLLA-OPV-4 95:5 96:4 3.93 6100 1.1 0.17 202 70 

OPV-2-Diol - - - - - - 368 61 
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groups.36 These inter- and intramolecular exchanges lead to the formation of low molecular 

weight oligomers also. Due to the reversibility of these reactions, the oligomers concentration 

will be very low. The GPC traces of PLLA-OPV-0.5 and PLLA-OPV-1 showed a peak 

around 26 min with low intensity is corresponding to these oligomers. Table 3.1 gives the 

inherent viscosity measured in chloroform solution for all the polymers. The inherent 

viscosities of the polymer also decreased with increasing mol % of OPV-2-Diol in feed. 
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Figure 3.2. Size exclusion chromatogram of copolyesters recorded in chloroform using 

polystyrene as standard. 

3.3.3. Thermal Properties of Polyesters 
 

Figure 3.3 (a) shows the TGA thermograms for the series of polymers and OPV-2-

Diol. The 10 % weight loss temperature is given in the table 3.1.  All polyesters were 

thermally stable up to 200 oC. Figure 3.3 (b) compares the second heating DSC thermograms 

of PLLA, OPV-2-Diol, PLLA-OPV-0.5, PLLA-OPV-1 and PLLA-OPV-4 heated at a rate 

of 10 oC/min. All polymers exhibited both glass transitions (Tg) and melting transition. PLLA 

exhibited a Tg around 63 oC, an exothermic crystallization at 108 oC followed by a melting at 

181 oC whereas OPV-2-Diol showed a melting transition at 109 oC. The PLLA-OPV-0.5 

copolyester showed a Tg around 57 oC, an exothermic crystallization at 101 oC followed by a 

melting transition at 168 oC. The DSC thermogram of PLLA-OPV-1 exhibited Tg around 46 
oC, an exothermic crystallization at 103 oC and multiple-melting transitions around 150 oC. 

Multiple-melting behaviour has been observed for many semicrystalline polymers, which are 
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explained by the melt-recrystallization model.37 PLLA-OPV-2 and PLLA-OPV-3 also 

exhibited both Tg and multiple-melting. PLLA-OPV-4 showed Tg around 39 oC and two 

melting transitions at 110 and 122 oC. The sharp endotherm at 110 oC and the broad 

endotherm around 122 oC are ascribed to the melting of OPV and PLLA segments 

respectively. The temperature corresponding to the melting transition of PLLA-OPV-x 

copolyesters decreased with increasing mol % incorporation of OPV chromophore into the 

PLLA backbone. This trend is well understood in literature also i.e higher incorporation of 

rigid units resulted in reduction in the melting point of PLLA copoyester.31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. (a) TGA thermograms of polymers and (b) the second heating DSC thermograms 

of PLLA, OPV-2-Diol, PLLA-OPV-0.5, PLLA-OPV-1 and PLLA-OPV-4 at the heating rate 

of 10 oC/min. 

3.3.4. Wide-angle X-ray Diffraction (WXRD)  
 

The polyesters were analyzed for their bulk packing using wide-angle X-ray 

diffraction (WXRD) in the range of 2 = 5-35 at room temperature (25 oC). Figure 3.4 

compares the WXRD patterns of PLLA-OPV-x copolyesters along with that of PLLA. The 
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diffraction peaks at 2 = 12.5o, 15.0o, 16.9o, 19.1o and 22.6o were assigned to the (103), 

(010), (200 or 110), (203) and (015) diffractions of the α-form crystal of PLLA respectively 

according to the literature report.38 Thepeak around 2(circled in figure 

3.4) visible only for the highest OPV incorporated copolyesters (PLLA-OPV-2, PLLA-

OPV-3 and PLLA-OPV-4) was attributable to the average - stacking distance of the OPV 

aromatic core.39 This result was in agreement with the observation of melting transition at 110 
oC corresponding to the melting of OPV chromophore in the DSC curve of the highest OPV 

incorporated PLLA-OPV-x copolyester (PLLA-OPV-4). Such an evidence for crystallinity 

and - stacking of the OPV units in a main chain polymer scaffold is very rare in literature. 

The PLLA segment could be expected to play a role in helping the OPV units to align 

properly resulting in improved - stacking. 
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Figure 3.4. WXRD patterns of polymers in powder form at room temperature. 

3.3.5. Photophysical Properties 
 

The optical properties of the polymers were investigated by UV-Vis and fluorescence 

spectroscopy in both solution and solid state, which are summarised in table 3.2. Figure 3.5 

(a) and (b) shows the normalized absorption spectra of PLLA-OPV-x copolyesters in 

chloroform solution and in powder state respectively. The copolyesters exhibited λmax ~ 390 

nm in chloroform solution indicating that all polymers were molecularly dissolved. Similar 

optical characteristics have been reported for other molecularly dissolved OPVs.26 The 

absorption spectra in the solid state was broad and the absorption maxima was red shifted 

from 390 to ~ 430 nm, which was an indication of the strong aggregation of OPV 
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chromophore.35 This was in accordance with the OPV aromatic core - stacking observed in 

WXRD. 

Table 3.2. Absorption and emission data of polymers in solution and solid state (powder 

form) along with fluorescence quantum yields FL in solution.  

 

a. Excitation at 390 nm.  

b. The fluorescence quantum yield for polymers in CHCl3 was obtained upon 

excitation at 360 nm and was measured using quinine sulphate in 0.1 M H2SO4 

solution as standard. 

 

Figure 3.5 (c) and (d) shows the emission spectra of PLLA-OPV-x copolyesters in 

solution and solid state respectively. All polymers emitted strongly with emission maximum 

at 445 nm with a shoulder peak at 470 nm in chloroform solution.26 These PLLA-OPV 

copolyesters were highly fluorescent with quantum yields of 0.62, 0.58, 0.57, 0.54 and 0.41 

for PLLA-OPV-0.5, PLLA-OPV-1, PLLA-OPV-2, PLLA-OPV-3 and PLLA-OPV-4 

respectively in chloroform solution (see table 3.2). The quantum yield decreased with 

increasing incorporation of OPV suggesting aggregation induced self quenching. In the solid 

(powder) state, the OPV monomer emission at 445 nm was suppressed and a red shifted 

intense aggregate emission was observed. The copolyesters PLLA-OPV-0.5, PLLA-OPV-1, 

PLLA-OPV-2, PLLA-OPV-3 and PLLA-OPV-4 showed emission maximum at 476, 485, 

489, 490 and 494 respectively. The strong π-π stacking of the OPV aromatic units in the solid 

state was responsible for the strongly red shifted emission.35 
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solution) 

PLLA-OPV-0.5 390 445 431 476 0.62 
PLLA-OPV-1 391 445 434 485 0.58 
PLLA-OPV-2 388 445 432 489 0.57 
PLLA-OPV-3 388 445 434 490 0.54 
PLLA-OPV-4 387 445 431 494 0.41 
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Figure 3.5. Normalized absorption spectra of copolyesters (a) in the solution (chloroform) 

and (b) in the powder form; emission spectra of polymers (c) in the solution (chloroform) 

[0.1 OD at 390 nm, λex = 390 nm] and (d) in the powder form [λex = 390 nm]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Fluorescence lifetime-decay profiles of polymers in (a) chloroform at room 

temperature (0.1 OD at 390 nm, λex = 390 nm, monitored at 445 nm) and (b) solid state (λex = 

390 nm, monitored at emission maxima) at room temperature. 

 

The aggregation of OPV chromophore in the solid state was further supported by 

fluorescence lifetime-decay studies. The fluorescence lifetime-decay profiles of all the 

polymers in chloroform solution are given in figure 3.6 (a). The fluorescence lifetime-decay 

profiles of PLLA-OPV-x copolyesters (λex = 390 nm) in chloroform exhibited mono-
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exponential decay with lifetime of 1.29 ns when monitored at 445 nm (see table 3.3).35 The 

fluorescence lifetime-decay profiles of all the polymers in powder state are given in figure 

3.6 (b). In the solid state, the fluorescence lifetime-decay profile of PLLA-OPV-0.5 (λex = 

390 nm) also could be fitted to a mono-exponential decay with lifetime of 1.33 ns when 

monitored at 476 nm. This suggested the existence of a single luminescent species. On the 

other hand, all the other copolyesters (PLLA-OPV-1, PLLA-OPV-2, PLLA-OPV-3 and 

PLLA-OPV-4) exhibited biexponential decay confirming the existence of two types of 

luminescent species corresponding to the aggregated and isolated chains.35 The dominant 

fluorescence lifetime in the solid state decreased with increasing mol % incorporation of 

OPV chromophore in the copolyesters (see table 3.3). The fluorescence lifetime-decay 

measurements confirmed the presence of strong aggregation in solid state and also the 

enhancement of aggregation with increase in OPV content in the random copolyester. 

 

Table 3.3. Fluorescence lifetime-decay data of polymers in solution as well as in powder 

state using nanoLED 390 nm for excitation. 

 

a. Parameters (: decay time and 2: chi-squared value) retrieved from the mono-

exponential fit for polyesters in chloroform solution (0.1 OD at 390 nm). The decay 

was collected at 445 nm. 

b. Parameters (: decay time, : pre-exponential factor and 2: chi-squared value) 

retrieved from the biexponential fit for polyesters in powder state. The decay was 

collected at the emission maxima of polymers. 

 

 

Polymer In chloroforma In powder stateb 

Lifetime 
(τ) (ns) 

2 monitored 
(nm) 

Lifetime 
(ns) 

1 2 2 

τ1 τ2 
PLLA-OPV-0.5 1.29 1.24 476 1.33  - - - 1.12 
PLLA-OPV-1 1.29 1.20 485 1.13 2.23 0.92 0.08 1.08 
PLLA-OPV-2 1.29 1.24 489 1.10 2.14 0.91 0.09 1.02 
PLLA-OPV-3 1.29 1.07 490 0.99 1.98 0.86 0.14 0.98 
PLLA-OPV-4 1.29 1.05 494 0.78 1.86 0.88 0.12 0.99 
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3.3.6. Helical Self-assembly of Copolyesters 
 

Circular dichroism (CD) spectra of the polymers were recorded in both solution 

(chloroform) and solid state (powder form) to gain more insight into the self-assembly of 

OPV chromophore. It is reported that PLLA is a depsipeptide analogue of polyalanine which 

has a helical structure that resembles a polyproline II helix.32 The n→π* interactions directs 

the folding of PLLA chain into a helical conformation. In an n→π* interaction, the filled p-

type lone pair of carbonyl oxygen overlaps with the empty π* antibonding orbital of a nearby 

carbonyl group. This overlap allows for orbital mixing and the subsequent release of energy 

contributes to the conformational stability of the PLLA helix. 32 PLLA exhibited a strong, 

positive CD band with a maximum at 231 nm corresponding to the ester n‒π* transition in 

chloroform solution [figure 3.7 (a)]. The large positive cotton effect exhibited by PLLA has 

been correlated with the helical conformation of PLLA chain in chloroform solution.40 No 

CD signal was observed for all other copolyesters (PLLA-OPV-X) in chloroform solution 

where the polymers were molecularly dissolved.30  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. (a) CD spectra of copolyesters in solution state (2 mg/mL) recorded in 

chloroform at 25 oC; (b) CD spectra of copolyesters and (c) normalized (at 213 nm) CD 

spectra of PLLA-OPV-2 and PLLA-OPV-3 in solid state recorded at 25 oC. 
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In the solid state (powder), all the polymers showed a positive CD band with a 

maximum at 213 nm corresponding to the ester n‒π* transition [Figure 3.7 (b)]. Interestingly, 

one more sharp exciton-coupled bisignated CD signal with a first positive cotton effect with a 

maximum at 441 nm and a second negative cotton effect with maximum at 370 nm, through a 

zero crossing close to the absorption maximum (421 nm) of OPV chromophore was observed 

for PLLA-OPV-3 corresponding to the π‒π* transition indicating the right-handed helical 

self-assembly of achiral OPV segments [figure 3.7 (c)].23,41-45 The chirality information of the 

PLLA segment was transferred to the self-assembled OPV chromophore as evidenced by the 

exciton-coupled CD signal corresponding to the absorption maximum of the OPV 

chrompohore. These results confirmed the effect of chiral PLLA segment on tuning the OPV 

chromophore packing and supramolecular chirality in molecular aggregates. The right-

handed self-assembly of OPV segment by the chiral PLLA segment was further confirmed 

by the morphology of PLLA-OPV-3 observed by SEM and AFM analysis. PLLA-OPV-2 

also showed weak exciton-coupled bisignated CD signal. No bisignated Cotton effect was 

observed in the case of PLLA-OPV-0.5 and PLLA-OPV-1 because of the low mol % 

incorporation of OPV chromophore in the PLLA backbone. In the case of PLLA-OPV-4, the 

chain length of PLLA segment may not be sufficient enough to induce helical arrangement to 

OPV chromophore because of chopping of PLLA backbone to incorporate more OPV 

chromophore.  

 

Figure 3.8. Scanning electron microscope images of the solution-precipitated aggregate of 

PLLA-OPV-3 in different magnifications. 

The morphology of the solution-precipitated aggregates of PLLA-OPV-3 was 

examined by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The 

solution-precipitated aggregate was prepared by injecting 1 mL of the polymer solution (1 

mg/mL) in dichloromethane (DCM) into 10 mL of methanol. The resulting mixture was aged 
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at room temperature for overnight and the suspension of the aggregate was transferred to 

silicon wafer by a dropper. After the solvent was evaporated at room temperature, the sample 

was examined for its morphology. The SEM images of PLLA-OPV-3 (figure 3.8) showed 

the formation of self-assembled bundles of twisted ‘leaf-like’ structures. The AFM height 

image of PLLA-OPV-3 (figure 3.9) showed right-handed helical structure, in agreement with 

the observed CD spectrum. 

 

Figure 3.9. Tapping mode AFM height images of the solution-precipitated aggregate of 

PLLA-OPV-3 under different magnifications. The corresponding height section analysis is 

also shown.  

 

3.3.7. Microscopic Characterization of Electrospun Nanofibers 
 

Electrospinning is a very versatile technique for making 1D elongated structure.33 

Figure 3.10 shows the scanning electron microscopy (SEM) and fluorescence microscopy 

images of the electrospun fibres of PLLA-OPV-0.5. SEM images revealed the presence of 

nanofibers of 150-500 nm diameters. Fluorescence microscopy images of this polymer 

showed strong blue and green emission upon excitation at 350-430 nm (blue filter) and 488-

520 nm (green filter) respectively.  
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Figure 3.10. (a) SEM; (b) and (c) fluorescent microscopy image of PLLA-OPV-0.5 with 

excitation at wavelength of 350-430 nm and 488-520 nm respectively. 

3.4. Conclusion 
 

A novel series of copolyesters incorporating varying mol ratios of an achiral oligo(p-

phenylene vinylene) (OPV) into the backbone of a chiral poly(ʟ-lactic acid) (PLLA) was 

synthesized by high-temperature solution-blending of PLLA with hydroxyl group 

functionalized OPV molecule (OPV-2-Diol). This approach is extendable to a variety of 

chromophores after suitable end functionalization for transesterification. The chemical 

incorporation of OPV chromophore into the polyester backbone was proved by 1H NMR 

spectroscopy. The differential scanning calorimetry (DSC), wide-angle X-ray diffraction 

(WXRD), absorption, emission and lifetime-decay studies showed that OPV chromophore 

was aggregated in the solid state. The right-handed helical self-assembly of the achiral OPV 

segments driven by the chiral PLLA segments in the solid state was proved by CD 

investigation and AFM analysis. The chemistry described here is applicable as a general 

method to create helical self-assemblies of a variety of π-conjugated system, which have 

applications in organic electronic devices. Blue and green fluorescent nanofibers of random 

copolyester incorporating OPV were successfully constructed by electrospinning technique. 
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Chapter 4 

Random copolyesters containing Perylenebisimide: 
Flexible Films and Fluorescent Fibers for Advanced 

Photonic Applications 
 

A series of high molecular weight random copolyesters of PLLA and PCCD 

incorporating varying mol ratios of perylenebisimide (PBI) was synthesized via high-

temperature solution-blending. The polymers were characterized by 1H NMR spectroscopy 

and size exclusion chromatography (SEC) and their bulk properties were investigated by 

differential scanning calorimetry (DSC) and wide-angle X-ray diffraction (WXRD). These 

polymers showed good solubility in common organic solvents and formed free-standing 

transparent and flexible films. Bright red photoluminescence was observed for all these films 

upon irradiation with ultraviolet radiation. The photophysical properties were studied using 

steady-state UV-vis absorption and fluorescence spectroscopy in solution as well as in solid 

state. Strong red fluorescent nanofibers of these polymers were successfully constructed by 

electrospinning technique. The nanofiber fabricated from random copolyester of PLLA and 

PCCD incorporating both OPV and PBI exhibited blue, green and red emission upon 

excitation at different wavelengths. The luminescent colour of the nanofibers can thus be 

tuned by the suitable choice of chromophores. The approach described here is easily 

adoptable for a wide range of π-conjugated chromophores to achieve the goal of easy 

fabrication to 1D nanostructure with strong photoluminescence. 
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4.1. Introduction 
 

One-dimensional (1D) nanostructures (such as nanofibers) of semiconductor materials 

have attracted increased interest in recent years due to their promising applications in optical 

and electronic nanodevices.1-4 Most nanofibers reported are based on inorganic materials. 

Rational design of semiconducting π-conjugated molecules, leading to desired 

nanostructures, is crucial for the success of organic electronics on the nanoscale.5-8 1D 

nanostructures have received a great deal of attention due to growing requirements in- 

unidirectional charge transport for miniaturized electronic devices.9-11 Such 1D 

nanostructures are appealing in the view of photovoltaic applications because they provide a 

large interface area upon mixing with charge transporting materials suitable for photo-

induced charge separation.12 Nanowires have feasibly been fabricated from conducting 

polymers such as polyacetylene, polyaniline, polypyrrole and poly(pheneylenevinylene).13-18 

However, most of these materials are p-type semiconductors. Therefore, the fabrication and 

characterization of 1D nanostructures with n-type semiconductor would provide more insight 

to the development of organic material based devices. 

 

Recently, it was shown that self-assembly through strong π-π stacking is an effective 

approach to 1D nanostructure for aromatic organic molecules and this implies a potential way 

to enhance the charge carrier mobility.5, 19-21  Perylenebisimides represent a robust class of n-

type organic semiconductor with high thermal and photostability, and have long been used in 

various optoelectronic devices.5, 22, 23 The main challenge of 1D self-assembly of PBIs lies in 

controlling and optimizing the strong π-π interaction between the perylene planes in 

cooperation with the hydrophobic interactions between the side chains linked at the two 

imide positions. A sufficient solubility is crucial for the solution processing of individual 

molecules, and this requires appropriate side-chain modification to hinder the π-π stacking of 

perylene backbones, but on the other hand, such a weakened π-π stacking prevents the 

effective packing of PBI molecules.24 One way to enhance the molecular packing is to 

increase the size of the core aromatic system, i.e., to change the PBI monomer to a trimer, 

tetramer, or pentamer.25, 26 The twisting between the PBI units due to energy minimization in 

the supramolecules weakens the π-π interaction between molecules and thus distorts the 

molecular packing from the co-facial conformation, leading to a molecular assembly deviated 

from 1D morphology.  
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The current chapter deals with the synthesis of a strongly fluorescent PBI based 

polymer, which could be fabricated into well-defined nanofibers over a large length scale. An 

aliphatic hydroxyl functionalized perylenebisimide (PBI) derivative was synthesized and 

incorporated into the backbone of [poly(1,4-cyclohexylenedimethylene-1,4- 

cyclohexanedicarboxylate)] (PCCD) by melt condensation (PCCD-PBI-3.4). This 

copolymer showed low mechanical stability because of its low molecular weight. Poly(ʟ-

lactic acid) (PLLA) is a thermoplastic aliphatic polyester derived from renewable resources 

such as corn and rice.27 It has similar mechanical properties to PETE (polyethylene 

terephthalate) polymer and it can be processed like most thermoplastics into fiber and film. 

The reactive blends of PLLA with PCCD-PBI-3.4 were synthesized by a facile high-

temperature solution-blending method. The ester-exchange reaction in the reactive blends of 

PLLA with PCCD-PBI-3.4 was confirmed using size exclusion chromatography (SEC) and 

differential scanning colorimetry (DSC). The mol % incorporation of PBI in the copolyester 

was calculated by using Beer-Lamberts Law. The bulk properties of these polymers were 

studied using wide-angle X-ray diffraction (WXRD). These polymer formed transparent and 

flexible films with high luminescent efficiencies. The photophysical properties were studied 

using steady-state UV-vis absorption and fluorescence spectroscopy in solution as well as in 

solid state. Nanofibers of these polymers have been successfully produced using the 

electrospinning technique.28-30 These fibers were analyzed using microscopic techniques like 

scanning electron microscopy (SEM) and fluorescence microscopy.  

 

Random copolyester incorporating both the donor (OPV) and acceptor (PBI) moieties 

were also developed, and fluorescent nanofibers of this polymer were constructed by 

electrospinning. Emission spectra and fluorescence microscopy images showed that one 

could access different emission regions (blue, green and red) from the nanofibers of PBI-

OPV random copolyester just by exciting at the appropriate wavelength. This simple and 

powerful approach described here is easily adoptable for a wide range of π-conjugated 

chromophores for generating fluorescent nanofibers. 
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4.2. Experimental Methods 
 

4.2.1. Materials: Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), 6-aminohexan-

1-ol, zinc acetate, 1,4-cyclohexanedimethanol (CHDM) (cis + trans), 1,4-

dimethylcyclohexane dicarboxylate (DMCD) (cis + trans), titanium(IV) butoxide [Ti(OBu)4], 

(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione (ʟ-lactide), tin(II) 2-ethylhexanoate (Sn(Oct)2), 

4-methoxyphenol, 2-ethylhexylbromide, triethylphosphite, 4-hydroxybenzaldehyde,  

potassium-tert-butoxide and ortho-dichlorobenzene (ODCB) were purchased from Aldrich 

and used without further purifications. HBr in glacial acetic acid, paraformaldehyde, 

potassium carbonate, potassium iodide, tetrahydrofuran (THF), 2-chloroethanol and all other 

solvents were purchased locally and purified with standard procedures. 
4.2.2. Instrumentation: 1H NMR spectra were recorded using a Bruker Avance 200 MHz 

and 500 MHz spectrometer. Chemical shifts (δ) are reported in ppm at 25 oC with a small 

amount of tetramethylsilane (TMS) as internal standard. The mass spectral analysis of 

monomer was carried out using a Voyager-De-STR MALDI-TOF (Applied Biosystems, 

Framingham, MA, USA) instrument equipped with 337 nm pulsed nitrogen laser used for 

desorption and ionization. The molecular weight of synthesized polymers was determined 

using size exclusion chromatography (SEC). SEC measurements were carried on a Polymer 

Laboratories PL-GPC-220 at 25 oC using chloroform (Merck) as the mobile phase. The 

analysis was carried out at a flow rate of 1 mL/min using a set of three PLgel columns and a 

refractive index (RI) detector. Columns were calibrated with polystyrene standards and the 

molecular weights reported were with respect to polystyrene. The inherent viscosity (ηinh) of 

the polymers was measured for 0.5 wt % solutions in chloroform as solvent. Absorption 

spectra were recorded using Perkin-Elmer Lambda 35 UV-spectrophotometer. Steady-state 

fluorescence studies and fluorescence lifetime-decay measurements were performed using 

Horiba Jobin Yvon Fluorolog 3 spectrophotometer having a 450 W xenon lamp for steady-

state fluorescence and nanoLED of 390 nm for fluorescence lifetime-decay measurements. 

For lifetime measurements, decay curves were obtained by the time-correlated single photon 

counting (TCSPC) technique. Solid state photoluminescence spectra were recorded using the 

front face scan mode with the same Fluorolog spectrofluorimeter. The fluorescence quantum 

yields of PBI polymer were determined in CHCl3 using rhodamine 6G in ethanol (ɸ= 0.95) as 

the standard by exciting at 490 nm and OPV polymer was determined in CHCl3 using quinine 

sulphate in 0.1 M H2SO4 (ɸ=0.54) as the standard by exciting at 360 nm. The solid state 
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quantum yield was measured using a Model F-3029, Quanta-Phi 6’’ Integrating Sphere 

connected with Horiba Jobin Yvon Fluorolog 3 spectrophotometer. The thermal stability of 

the polymers was analyzed using a Perkin-Elmer thermogravimetric analyzer under nitrogen 

atmosphere at heating rate of 10 oC/min. Differntial scanning colorimetry (DSC) was 

performed using TA Q10 differential scanning calorimeter at heating rate of 10 oC/min. 

Wide-angle X-ray diffraction (WXRD) were recorded by Phillips x’pertpro powder X-ray 

diffractometer using Cu Kα radiation, and the spectra were recorded in the range of 2θ = 5-

35°. The electrospinning apparatus consists of a syringe pump, syringe needle, high voltage 

power supply and a grounded collector. Polymer solution was loaded into a syringe and 

positive electrode was clipped onto the syringe needle. The flow rate of the polymer solution 

to the needle tip was kept constant. Solutions were electrospun horizontally onto the target. 

Scanning electron microscopy (SEM) images were recorded using FEI, QUANTA 200 3D 

scanning electron microscope with a tungsten filament as electron source. The fluorescence 

microscopy images were recorded by Epi-fluorescence microscope Leitz Laborlux, Germany, 

and images were observes by a cannon power shot S80 camera [excitation wavelengths: 350-

430 nm (blue), 488-520 (green) and 500-550 nm (red) filters]. 

4.2.3. Synthesis 
 

Synthesis of hydroxyl functionalized perylenebisimide (PBI-6-Diol): 6-Aminohexan-1-ol 

(0.65 g, 5.61 mmol), zinc acetate (0.001 g, 0.006 mmol) in N, N-dimethylacetamide (DMAc) 

(25 mL) was heated to 110 °C under a nitrogen atmosphere. PTCDA (1.00 g, 2.55 mmol) was 

added, and the reaction mixture was stirred at 110 °C for 3 h and then continued at 160 °C for 

15 h under nitrogen atmosphere. The excess solvent was distilled off, and the slurry was 

washed several times with hexane and precipitated into acetone. The reddish-black precipitate 

was filtered and dried in oven at 60 oC. Yield: 86.00 %; 1H NMR (200 MHz, CDCl3 + TFA) 

δ ppm: 8.85 (s, 8H, perylene), 4.32–4.46 (s, 8H, imide –CH2– and –CH2OH), 1.56–1.86 (m, 

16H, –CH2‒); MALDI-TOF (dithranol matrix): m/z calcd for C35H44O6: 590.66; found: 591 

[M]+; elemental analysis calcd (%): C 73.20, H 5.80, N 4.74; found: C 72.87, H 5.69, N 4.36. 

Synthesis of copolyesters of PCCD incorporating PBI chromophore through melt 

polycodensation (PCCD-PBI-x): DMCD (2.00 g, 10 mmol), CHDM (1.29 g, 9 mmol) and 

PBI-6-Diol (0.59 g, 1 mmol) were weighed into a tubular glass reactor (for PCCD-PBI-3.4). 

The reaction mixture was melted at 160 oC, cooled and Ti(OBu)4 (3.4 mg, 0.1 mol % of 

diester) solution in ODCB was added to the mixture. The reaction was heated from 160 to 
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180 oC over 2 h with stirring 100 rpm and then from 180 to 230 oC over 2 h, allowing 

methanol to distil. Vacuum was applied and the pressure was gradually reduced to 0.4 mm 

Hg over 20 min, while the temperature was raised from 230 to 250 oC. The reaction was 

continued at 250 oC for 2 h. The product was cooled, chloroform was added, and the polymer 

solution was poured into methanol. The polymer was dried in oven at 60 oC. Yield: 76.03%; 
1H NMR (500 MHz, CDCl3) δ ppm: 8.42–8.53 (perylene H), 3.86–4.15 (–CH2–CH2–O–CO–, 

imide ‒CH2‒,  cis and trans –CH2– in PCCD), 3.64 ( –CO–O–CH3 end group), 3.42 and 3.50 

(‒CH2‒OH end group), 2.24 and 2.43 (cis and trans ‒CH‒CO‒ in PCCD part), 0.97–2.02 

(cyclic H in PCCD and ‒CH2‒ in PBI part). 

Synthesis of random copolyesters of PLLA and PCCD incorporating PBI chromophore 

by high-temperature solution-blending (PLLA-PCCD-PBI-x). 

  PLLA (0.5 g, 50 wt %) and PCCD-PBI-3.4 (0.5 g, 50 wt %) were dissolved in 

ODCB (0.5 mL) by heating at 180 C in an oil bath (for PLLA-PCCD-PBI-1.7). The 

mixture was stirred for 30 min using an overhead mechanical stirrer at a constant rate of 100 

rpm. To this mixture, Ti(OBu)4 (2.9 mg, 0.1 mol %) solution in ODCB was added and the 

reactive blending was continued with stirring at 180 C for 6 h. The product was dissolved in 

chloroform and precipitated into methanol. The polymer was filtered and dried in oven at 60 
oC. Yield: 98.00%; 1H NMR (500 MHz, CDCl3) δ ppm: 8.61–8.66 (perylene H), 5.17 (–

CH(CH3)–COO– from PLLA unit), 3.87–4.19 (–CH2–CH2–O–CO–, imide ‒CH2‒,  cis and 

trans –CH2– in PCCD), 3.66 (–CO–O–CH3 end group), 3.43 and 3.53 (‒CH2‒OH end 

group), 2.26 and 2.45 (cis and trans ‒CH‒CO‒ in PCCD part), 0.99‒2.02 (‒CH3 in PLLA 

part, cyclic–H in PCCD and ‒CH2‒ in PBI part). 

A similar procedure was employed to synthesize the PLLA-PCCD-PBI-x series of 

polyesters by changing the wt % of PCCD-PBI-3.4 in the feed from 10 to 90 wt%. The yield 

of the polymers is reported in table 4.2. 

Synthesis of random copolyester of PLLA and PCCD incorporating both PBI and OPV 

chromophores through high-temperature solution-blending (PLLA-PCCD-PBI-0.3-

OPV-0.7): PLLA (0.85 g, 85 wt %), PCCD-PBI-3.4 (0.1 g, 10 wt %) and OPV-2-Diol (0.05 

g, 5 wt %) were dissolved in ODCB (0.5 mL) by heating at 180 C in an oil bath. The 

mixture was stirred for 30 min using an overhead mechanical stirrer at a constant rate of 100 

rpm. To this mixture, Ti(OBu)4 (4.1 mg, 0.1 mol %) solution in ODCB was added and the 
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reactive blending was continued with stirring at 180 C for 6 h. The product was dissolved in 

chloroform and precipitated into methanol. The polymer was filtered and dried in oven at 60 
oC. Yield: 96%. 

Synthesis of nanofibers: Polymer solution was prepared by dissolving 100 mg of polymer in 

1 mL of DCM (10 wt % solution). This solution was subjected to a high electric field of 

about 10 kV for electrospinning. The tip to collector distance was fixed at 12 cm and the 

feeding rate was 0.5 mL h-1. The fibers thus obtained were dried in an oven at 60 oC for 2 h. 

4.3. Results and Discussions 

4.3.1. Synthesis and characterization of monomers and polymers 
Hydroxyl group functionalized pentadecyl phenol substituted perylenebisimide 

derivative (Per-PDP-2-Diol) was used for the reactive blending with [poly(1,4-

cyclohexylenedimethylene-1,4-cyclohexanedicarboxylate)] (PCCD) in chapter 2. The 

fluorescence quantum yield of this molecule was very low (ΦFL = 0.057) due to the photo-

induced electron transfer from the electron-rich pentadecyl phenoxy substituents to electron-

deficient perylenebisimide unit.5 Therefore, we synthesized new hydroxyl functionalized 

perylenebisimide derivative without pentadecyl phenoxy group. The new hydroxyl 

functionalized perylenebisimide derivative (PBI-6-Diol) was synthesized through the 6-

aminohexan-1-ol coupling of PTCDA as shown in scheme 4.1. The 1H NMR spectrum and 

MALDI-TOF data verifying the structural characterization of the PBI-6-Diol is given in 

figure 4.1.   

 

Scheme 4.1. Synthesis of hydroxyl group functionalized perylenebisimide derivative (PBI-6-

Diol) by the 6-aminohexan-1-ol coupling of PTCDA. 

The melt polycondensation of varying mol % of PBI-6-Diol with 1,4-

cyclohexanedimethanol (CHDM) and 1,4-dimethylcyclohexane dicarboxylate (DMCD) was 

carried out as shown in scheme 4.2. The percentage of the monomer DMCD was kept fixed at 

100 mol % and that of PBI-6-Diol: CHDM was varied from 5:95 to 30:70. The melt 

condensation was carried out in a cylindrical glass reactor in a two step process. The first step 
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was at atmospheric pressure with a temperature ramp and continuous nitrogen flow to remove 

the methanol that was eliminated, while the second step was under vacuum (0.4 mm Hg) at 

250 oC.  The polymers were dissolved in chloroform and precipitated into methanol. The 

copolyesters obtained by the melt polycondensation were named as PCCD-PBI-x, where x 

represented the actual mole % incorporation calculated from absorption spectra. Table 4.1 

gives the sample name, amount of PBI-6-Diol taken in the feed, the actual incorporation of 

PBI chromophore determined using absorption spectra, molecular weight determined by SEC 

in CHCl3 using polystyrene standards, the inherent viscosity measured in chloroform, the 

10% weight loss temperature obtained from thermogravimetric analysis (TGA) as well as the 

yield of the various copolyesters. 

 

 

Figure 4.1. (a)  1H NMR spectrum of PBI-6-Diol recorded in CDCl3 / CF3COOH and (b) 

MALDI-TOF of PBI-6-Diol using dithranol matrix in CHCl3 / CF3COOH.  
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Scheme 4.2. Synthetic route for the melt polycondensation of PBI-6-Diol with DMCD and 

CHDM. 
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Table 4.1. Polymer designation, feed ratio, actual incorporation of PBI chromophore 

determined from absorption spectra, molecular weight (Mn), polydispersity index, viscosity 

data (inh), 10 % weight loss temperature (TD) and yield of polymers. 

 

a. Measured in chloroform. 

b. Measured by size exclusion chromatography (SEC) in chloroform (CHCl3), 

calibrated with linear, narrow molecular weight distribution polystyrene as 

standards. 

c. Determined by TGA. 

 

The structure of the polymers was confirmed by 1H NMR spectroscopy and molecular 

weight was determined using size exclusion chromatography (SEC). The 1H NMR spectrum 

of one of the representative polymer PCCD-PBI-3.4 recorded in chloroform solution is 

shown in figure 4.2 (a). The mol % incorporation of the PBI in copolyesters was calculated 

from absorption spectra by using the molar extinction coefficient of symmetrical N,N’-bis(2-

ethylhexyl)perylene-3,4,9,10-tetracarboxylic diimide as 83006 L M-1 cm-1.31 The mol % 

incorporation of PBI unit was determined as 2.3, 3.4, 5.0, and 9.3 mol % corresponding to the 

intake feed of 5, 10, 20, and 30 mol % respectively. Figure 4.2 (b) shows the size exclusion 

chromatogram of the polymers and the molecular weights are shown in table 4.1. The 

molecular weight and inherent viscosity of the polymers decreased with increasing the mol % 

incorporation of PBI in the copolyester, which could be attributed to the increase in the 

rigidity of the polymer backbone. This trend is well understood in the literature also, i.e., 

higher incorporation of rigid units resulted in reduction in the molecular weight.32 None of 

 

 

Polymer 

Feed Ratio      

(PCCD: 

PBI) 

Mol % 
incorporati
on of PBI 

(from 

absorption 

spectra)a 

Mn   
(g/ 

mol)b 

 

Poly 

dispersity 

index 

(ĐM) 

inh 

(dL/ 

g)a 

Yield 
(%) 

TD 
(oC)c 

PCCD-PBI-2.3 95:5 2.26 16100 2.2 0.36 83 383 

PCCD-PBI-3.4 90:10 3.42 12500 1.9 0.30 76 420 

PCCD-PBI-5.0 80:20 5.02 5500 2.4 0.15 75 393 

PCCD-PBI-9.3 70:30 9.31 3100 2.3 0.11 71 388 
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these polymers formed free standing film due to their low mechanical stability. We have 

selected PCCD-PBI-3.4 from these polymer series, which has reasonably high molecular 

weight with high PBI incorporation and subjected it for high-temperature solution-blending 

with high molecular weight PLLA. 

 

 

 

Figure 4.2. (a) 1H NMR spectrum of PCCD-PBI-3.4 recorded in chloroform and (b) size 

exclusion chromatogram of the PCCD-PBI-x series of polymers recorded in chloroform 

using polystyrene as standard. 
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Scheme 4.3. Synthesis of PLLA-PCCD-PBI-x polymer series by the high-temperature 

solution-blending of PLLA with PCCD-PBI-3.4. 

The high-temperature solution-blending of PLLA with varying amounts of PCCD-

PBI-3.4 was carried out by dissolving PLLA and PCCD-PBI-3.4 in minimum amount of a 

high boiling solvent like ODCB and heating in presence of 0.1 mol % of transesterification 

catalyst Ti(OBu)4 as shown in scheme 4.3. The blending was carried out in a cylindrical glass 
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reactor at 180 oC for 6 h with constant stirring using mechanical stirrer, under continuous 

nitrogen flow. For workup, the polymer was dissolved in chloroform and precipitated into 

methanol. The copolyesters obtained by the reactive blending of PLLA with PCCD-PBI-3.4 

were named as PLLA-PCCD-PBI-x where x represented the mol % incorporation of PBI in 

the copolyester calculated by using the molar extinction coefficient of symmetrical N,N’-

bis(2-ethylhexyl)perylene-3,4,9,10-tetracarboxylic diimide as 83006 L M-1 cm-1.  

 

Table 4.2. Polymer designation, feed ratio, actual incorporation of chromophores determined 

from absorption spectra, molecular weight (Mw), polydispersity index, viscosity data (inh), 

10 % weight loss temperature (TD) and  yield of polymers. 

 

 

Polymer 

Feed Ratio      

(PLLA: 

PCCD-PBI-

3.4/OPV-2-

Diol) (weight 

%) 

Mol % of 

PBI/OPV 

incorporati

on from 

absorption 

spectraa 

 
Mw  (g/ 

mol)b 

 

Poly 

disper

sity 

index 

(ĐM) 

 

inh 

(dL/ 

g)c 

 

 TD 
(oC)d 

 
Yield 
(%) 

PLLA - - 100600 1.8 1.01 268 95 

PCCD-PBI-3.4 - 3.42 23700 1.9 0.30 420 76 

PLLA-PCCD-PBI-0.3 90:10 0.33 99100 1.7 0.90 299 98 

PLLA-PCCD-PBI-1.0 70:30 1.02 79400 1.9 0.75 300 98 

PLLA-PCCD-PBI-1.7 50:50 1.69 56600 1.7 0.68 296 98 

PLLA-PCCD-PBI-2.9 30:70 2.92 35700 2.2 0.37 307 98 

PLLA-PCCD-PBI-3.3 10:90 3.29 18400 2.2 0.22 307 98 

PLLA-PCCD-PBI-0.3-

OPV-0.7 

85:10:5 0.32 (PBI) 

0.67 (OPV) 

79200 2.0 0.74 252 96 

 

a. Measured in chloroform solution. 

b. Measured by size exclusion chromatography (SEC) in chloroform (CHCl3), calibrated 

with linear, narrow molecular weight distribution polystyrene as standards. 

c. Determined in chloroform. 

d. Determined by TGA. 
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Figure 4.3. 1H NMR spectra of (a) PLLA, (b) PCCD-PBI-3.4 and (c) PLLA-PCCD-PBI-1.7 

recorded in chloroform. 

 

Table 4.2 gives the sample name, weight % of PLLA and PCCD-PBI-3.4 taken in 

the feed, the actual incorporation of PBI units determined by Beer-Lamberts Law, molecular 

weight determined using size exclusion chromatography in CHCl3 using polystyrene 

standards, the inherent viscosity measured in chloroform solution, the 10 % weight loss 
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temperature obtained from TGA as well as the yield of the various polymers. The structures 

of the polymers were confirmed by 1H NMR and molecular weights were determined using 

size exclusion chromatography (SEC). Figure 4.3 compares the 1H NMR spectra of PLLA, 

PCCD-PBI-3.4 and PLLA-PCCD-PBI-1.7. The structure of the polymers is given and the 

different types of protons are assigned by alphabets. 

 

The random copolyester of PLLA containing 0.7 mol % of OPV (calculated from 

absorption spectrum), named PLLA-OPV-0.7 was synthesized by the reactive blending of 

PLLA with 5 wt % of OPV-2-Diol as discussed previously in chapter 3. One random 

copolyester incorporating both PBI and OPV was also synthesized by the reactive blending of 

PLLA (85 wt %) with PCCD-PBI-3.4 (10 wt %) and OPV-2-Diol (5 wt %) (scheme 4.4). 

The actual incorporation of PBI unit in the polymer was calculated using the molar extinction 

coefficient of symmetrical N,N’-bis(2-ethylhexyl)perylene-3,4,9,10-tetracarboxylic diimide 

as 83006 L M-1 cm-1 and that of OPV unit was calculated using the molar extinction 

coefficient of OPV-2-Diol as 32059 L M-1 cm-1 in chloroform. The mol % incorporation of 

OPV and PBI units in the donor-acceptor random copolyester was calculated as 0.67 and 0.32 

mol % respectively and this polymer was named as PLLA-PCCD-PBI-0.3-OPV-0.7. Figure 

4.4. shows the 1H NMR spectrum of  PLLA-PCCD-PBI-0.3-OPV-0.7 recorded in 

chloroform solution. The peaks corresponding to the OPV and PBI chromophores are not 

clear in the 1H NMR spectrum due to their very low mol % incorporation in the polyester 

backbone. The characterization data of these polymers are given in table 4.2. 

 
 

Scheme 4.4. Synthesis of PLLA-PCCD-PBI-0.3-OPV-0.7 by the reactive blending of PLLA 

with PCCD-PBI-3.4 and OPV-2-Diol. 
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Figure 4.4. 1H NMR spectra of PLLA-PCCD-PBI-0.3-OPV-0.7 recorded in chloroform. 

 

4.3.2. Molecular Weights of Polymers 
The polymers were soluble in common organic solvents such as dichloromethane and 

chloroform at room temperature. The molecular weights of the polymers were determined by 

size exclusion chromatography (SEC) in CHCl3 using polystyrene standards. Figure 4.5 

shows the SEC plots of the polymers and the molecular weights are shown in table 4.2.  
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Figure 4.5. Size exclusion chromatogram of the copolyesters recorded in chloroform using 

polystyrene as standard. 
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The Mw of PLLA was 100600 and that of PCCD-PBI-3.4 was 23700. The Mw of 

PLLA-PCCD-PBI-0.3, PLLA-PCCD-PBI-1.0, PLLA-PCCD-PBI-1.7, PLLA-PCCD-

PBI-2.9 and PLLA-PCCD-PBI-3.3 were 99100, 79400, 56600, 35700 and 18400 

respectively. The molecular weight of the PLLA-PCCD-PBI-x series of polymers decreased 

with increasing weight % of PCCD-PBI-3.4 in feed. The copolyesters all eluted slowly 

compared to PLLA indicating their lower molecular weights which was a consequence of the 

chopping of the polymer chains to incorporate PCCD and perylenebisimide chromophore.33 

Table 4.2 gives the inherent viscosity measured in chloroform solution for all the polymers. 

The inherent viscosities of the polymer also decreased with increasing weight % of PCCD-

PBI-3.4 in feed. The Mw of PLLA-PCCD-PBI-0.3-OPV-0.7 was determined as 79200. 

4.3.3. Thermal Properties of Polymers 
The thermal properties of the polymers are summarized in table 4.2. Figure 4.6 shows 

the TGA thermograms for the series of polymers. The 10 % weight loss temperature for 

PLLA was around 268 oC, while that for the PCCD-PBI-3.4 was higher at around 420 oC. 

The 10 % weight loss temperatures of PLLA-PCCD-PBI-x series of polymers were around 

300 oC, in between that of PLLA and PCCD-PBI-0.3. TGA thermograms of PLLA-PCCD-

PBI-x series of polymers showed step wise degradation between 275 to 450 oC, but which 

was absent in PLLA. These steps wise degradations originate from the scission of aliphatic 

and cyclic aliphatic polyester segment of the copolyesters.34  
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Figure 4.6. TGA thermograms of the copolyesters recorded under nitrogen atmosphere at 

heating rate of 10 oC/min. 
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Figure 4.7 (a) shows the stack plot of the second heating scans in the DSC 

thermograms of the PLLA, PCCD-PBI-3.4, PLLA-PCCD-PBI-x series of polymers and 

PLLA-PCCD-PBI-0.3-OPV-0.7. The step transition at 63 oC attributed to the glass 

transition temperature (Tg) of PLLA with a crystallization peak at 108 oC and a melting peak 

at 181 oC. PCCD-PBI-3.4 was characterized by only Tg around 46 oC due to its amorphous 

nature. All PLLA-PCCD-PBI-x series of polymers showed Tg, crystallization and melting 

transition (see table 4.3). The second heating DSC thermogram of PLLA-PCCD-PBI-0.3-

OPV-0.7 polymer showed glass transition (Tg) at 53 oC, crystallization peak at 98 oC and 

melting at 168 oC. A single Tg was observed for PLLA-PCCD-PBI-x series of polymers and 

PLLA-PCCD-PBI-0.3-OPV-0.7, indicative of miscible blends formed by ester-ester 

exchange reaction.33 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. (a) The second heating DSC thermograms of polymers at the heating rate of 10 
oC/min and (b) plot comparing the crystallinity (%) of PLLA-PCCD-PBI-x series of 

polymers as a function of increased weight % of PCCD-PBI-3.4. 
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The degree of crystallinity of PLLA and PLLA-PCCD-PBI-x series of polymers 

were calculated using the equation: 

(%) ݕݐ݈݈݅݊݅ܽݐݏݕݎܥ = ൫ܪ߂ ⁄ܪ߂ ൯ ܺ 100 

where ܪ߂  is the melting enthalpy and ܪ߂  = 93 J/g is the heat of fusion for 100 % 

crystalline PLLA reported in literature.35 The ܪ߂  values were obtained from the melting 

curves of the second heating scans of the DSC. The crystallinity (%) of the synthesized 

PLLA and PLLA-PCCD-PBI-x series of polymers were summarized in table 4.3. Figure 4.7 

(b) compares the crystallinity (%) of PLLA-PCCD-PBI-x series of polymers as a function of 

increasing weight % of PCCD-PBI-3.4. The crystallinity (%) of synthesized PLLA was 

calculated as 49 % and it was observed that the crystallinity (%) decreased with increasing 

weight % of PCCD-PBI-3.4 in the blend. 

 

Table 4.3. The glass transition temperature (Tg), melting temperature (Tm), crystallisation 

temperature (Tc) and crystallinity (%) of the polymers. 

 

 

 

 

 

 

 

 

 

a. Determined by DSC. 

b. Calculated from 100 % crystalline PLLA reported in literature.  

 

 

 

 

Polymer 
Tg 

(oC)a 
Tm 

(oC)a 
Tc 

(oC)a 

Crystallinity 

(%)b 

PLLA 63 181 108 49 

PCCD-PBI-3.4 46 - - - 

PLLA-PCCD-PBI-0.3 61 176 109 45 

PLLA-PCCD-PBI-1.0 61 176 114 32 

PLLA-PCCD-PBI-1.7 61 174 112 26 

PLLA-PCCD-PBI-2.9 62 173 111 18 

PLLA-PCCD-PBI-3.3 45 170 105 3 

PLLA-PCCD-PBI-0.3-

OPV-0.7 

53 168 98 41 
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4.3.4. Wide-angle X-ray Diffraction (WXRD)  
The polyesters were analyzed for their bulk packing using wide-angle X-ray 

diffraction (WXRD) in the range of 2 = 5-35 at room temperature (25 oC). Figure 4.8 

compares the WXRD patterns of PLLA-PCCD-PBI-x series of polymers along with that of 

the parent PLLA and PCCD-PBI-3.4 polyester. PLLA showed the diffraction peaks at 2 = 

12.5o, 15.0o, 16.9o, 19.1o and 22.6o which were assigned to the (103), (010), (200 or 110), 

(203) and (015) diffractions of the α-form crystal of PLLA respectively as reported in 

literature.36 The PCCD-PBI-3.4 copolyester had reflections at 2 = 9.49, 12.41 and 24.94 

corresponding to the d spacing of 9.31 Å, 7.12 Å and 3.57 Å respectively. The intensity of all 

the peaks corresponding to the α-form crystal of PLLA decreased with increasing weight % 

of PCCD-PBI-3.4 in the PLLA-PCCD-PBI-x series of polymer, in conformation with 

observed from DSC. 
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Figure 4.8. WXRD patterns of PLLA, PCCD-PBI-3.4 and PLLA-PCCD-PBI-x series of 

polymers in powder form at room temperature. 
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4.3.5. Thin Film Formation 
 

Free-standing films could be formed from polymers signifying their high mechanical 

stability. Figure 4.9 shows photograph of the free standing films prepared from 0.5 wt % 

CHCl3 solutions of PLLA-PCCD-PBI-0.3, PLLA-PCCD-PBI-1.0 and PLLA-PCCD-PBI-

1.7 respectively and these films were transparent and flexible. The polymers, PLLA-PCCD-

PBI-2.9 and PLLA-PCCD-PBI-3.3 formed only brittle films which could not be peeled off 

because of their low mechanical stability. Figure 4.9 also shows the image of these three 

polymer films upon observation under 365 nm hand-held UV lamp. All polymer films 

showed strong red colour emission under UV lamp. PBIs are well-known for their tendency 

to aggregate and lead to quenching of fluorescence in solid state.37-39 Our current report is one 

of the few reports where PBI has been successfully incorporated into a polymer scaffold with 

intense red emission in solid state. 

 

Figure 4.9. Photographs of the free standing films of PLLA-PCCD-PBI-0.3 (a, d, g), PLLA-

PCCD-PBI-1.0 (b, e, h) and PLLA-PCCD-PBI-1.7 (c, f, i) drop casted from 0.5 wt % 

solution in chloroform. The respective films upon observation under UV lamp (365 nm) [(j) 

PLLA-PCCD-PBI-0.3, (k) PLLA-PCCD-PBI-1.0 and (l) PLLA-PCCD-PBI-1.7]. 
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4.3.6. Microscopic Characterization 
Among diverse range of approaches, chemical methods and physical deposition 

methods tend to produce short rods or wires and often incapable of making longer fibers. 

Electrospinning is a very versatile technique for making 1D elongated structure.28-30 Figure 

4.10 shows the scanning electron microscopy (SEM) (top) and fluorescence microscopy 

images (bottom) of the electrospun fibres of PLLA-PCCD-PBI-0.3, PLLA-PCCD-PBI-1.0 

and PLLA-PCCD-PBI-1.7. SEM images revealed the presence of nanofibers of 150-500 nm 

diameters. Red emission was observed from the nanofibers of PLLA-PCCD-PBI-0.3, 

PLLA-PCCD-PBI-1.0 and PLLA-PCCD-PBI-1.7 as seen from the fluorescence 

microscopy images, upon excitation at wavelength of 500-550 nm. The formation of beaded 

fibers was observed from the SEM images of PLLA-PCCD-PBI-2.9 and PLLA-PCCD-

PBI-3.3 due to the low viscosity of polymer solutions. The nanofiber fabricated from PLLA-

PCCD-PBI-0.3-OPV-0.7 showed blue, green and red emission with excitation at three 

different wavelength regions (figure 4.11). Therefore, one can access three different emission 

regions from the nanofiber of PLLA-PCCD-PBI-0.3-OPV-0.7 just by exciting at the 

appropriate wavelength. 

 

Figure 4.10. SEM images of the electrospun fibers of (a) PLLA-PCCD-PBI-0.3, (b) PLLA-

PCCD-PBI-1.0 and (c) PLLA-PCCD-PBI-1.7 (top) and the respective fluorescent 

microscopy images (bottom) with excitation at wavelength of 500-550 nm.  
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Figure 4.11. (a) SEM; (b), (c) and (d) fluorescent microscopy image of PLLA-PCCD-PBI-

0.3-OPV-0.7 with excitation at wavelength of 350-430 nm, 488-520 nm and 500-550 nm 

respectively. 

4.3.7. Photophysical Properties 
 

The optical properties of the polymers were investigated by UV-Vis and fluorescence 

spectroscopy in both solution and solid state, which are summarised in table 4.4.  

 

  

 

 

 

 

 

 

 

 

Figure 4.12. Normalized absorption spectra of polymers (a) in the solution (chloroform) and 

(b) in the film spin-coated from chloroform solution; emission spectra of polymers (c) in the 

solution (chloroform) [0.1 OD at 490 nm, λex = 490 nm] and (d) in film state [0.1 OD at 490 

nm, λex = 490 nm]. 

Figure 4.12 (a) and (b) shows the normalized absorption spectra of PCCD-PBI-3.4 

and PLLA-PCCD-PBI-x series of polymers in chloroform solution as well as in film state. 

All polymers showed the typical absorption of PBI chromophore with peaks in the range of 
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400-530 nm, corresponding to the 0-0, 0-1, 0-2, and 0-3 electronic transitions, respectively, in 

chloroform solution.39 The absorption spectra in the solid state was broad with λmax ≈ 490 nm, 

a new band emerging at 538 nm, and the ratios of peak intensities were different compared to 

that in solutions, indicative of aggregation.39  

 

Emissions from the polymers were studied by exciting at 490 nm, which is shown in 

figure 4.12 (c) and (d). In solution, typical emission of PBI with peaks at 534, 576, and 625 

nm was observed, whereas in the solid state, PBI monomer emission at 534 nm was hugely 

suppressed, and a red-shifted intense broad excimer emission was observed at 638 nm 

indicating J type of aggregate formation.39, 40 It can be seen from the figure that the aggregate 

emission intensity of all the PLLA-PCCD-PBI-x series of polymers were higher compared 

to PCCD-PBI-3.4 where the PBI units were segmented by the blocks of PLLA units. The 

emission intensity of PLLA-PCCD-PBI-x series of polymers decreased with increasing 

weight % of PCCD-PBI-3.4, which could be attributed to aggregation-induced quenching.39, 

40 

Table 4.4 gives the fluorescence quantum yield data for all the polymers in both 

solution and solid state. The relative fluorescence quantum yields of PBI polymer were 

determined in CHCl3 using rhodamine 6G in ethanol (ɸ= 0.95) as the standard by exciting at 

490 nm. The absolute solid state quantum yield of polymers was measured using Integrating 

Sphere. All PLLA-PCCD-PBI-x series of polymers were highly fluorescent in chloroform 

solution with quantum yields of ~ 82%. All polymers showed low fluorescence quantum 

yield in solid state as compared to solution state due to aggregation-induced quenching. 

PCCD-PBI-3.4 had solid state quantum yield of 2%, whereas PLLA-PCCD-PBI-0.3 had a 

high quantum yield of 10%. The solid state fluorescence quantum yields of PLLA-PCCD-

PBI-1.0, PLLA-PCCD-PBI-1.7, PLLA-PCCD-PBI-2.9 and PLLA-PCCD-PBI-3.3 were 

9%, 7%, 6% and 2% respectively. The solid state fluorescence quantum yields of PLLA-

PCCD-PBI-x series of polymers decreased with increasing weight % of PCCD-PBI-3.4 in 

the blend. In contrast to the weak fluorescence emission (with quantum yield ˂ 1%) 

previously observed for the self-assembled materials of PBIs in the literature, the polymer 

reported herein demonstrated drastically increased solid state emission (with quantum yield 

of 10%). 
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Table 4.4. Absorption and emission of polymers in solution as well as in solid state (film 

spin-coated from chloroform solution) along with fluorescence quantum yields (FL). 

 

a. Excitation at 490 nm.  

b. Excitation at 390 nm. 

c. Excitation at 392 nm. 

d. The fluorescence quantum yield for polymers in CHCl3 was obtained upon excitation 

at 490 nm and was measured using rhodamine-6G in ethanol as standard. 

e. The fluorescence quantum yield for polymers in CHCl3 was obtained upon excitation 

at 360 nm and was measured using quinine sulphate in 0.1 M H2SO4 solution as 

standard. 

f. Absolute fluorescence quantum yields in the solid state were determined with an 

integrating sphere. 

 

The photophysical characteristics of PLLA-PCCD-PBI-0.3-OPV-0.7 were determined 

by recording the absorption and emission spectra in solution as well as in film state and 

compared with that of PLLA-PCCD-OPV-0.7 and PLLA-PCCD-PBI-0.3. Figure 4.13 (a) 

compares the normalized absorption spectra of PLLA-OPV-0.7, PLLA-PCCD-PBI-0.3 

along with PLLA-PCCD-PBI-0.3-OPV-0.7 in chloroform solution. PLLA-OPV-0.7 had 

absorption maximum at 390 nm. The absorption spectrum of the PLLA-PCCD-PBI-0.3-

OPV-0.7 was a linear addition of the characteristic absorption bands of both OPV and PBI 

 
Polymer 

 

Absorption 
max (nm) 

(In CHCl3) 

Emission 

 max (nm) 
(In CHCl3) 

Absorption 
max (nm) 
(In film) 

Emission 

 max (nm) 
(In film) 

FL 
(soluti

on) 

FL
f 

(%) 
(In 

powder) 
PCCD-PBI-3.4 526 534a 490 638a 0.84d 2 

PLLA-PCCD-PBI-0.3 526 534 a 490 638a 0.80d 10 
PLLA-PCCD-PBI-1.0 526 534 a 490 638a 0.82d 9 
PLLA-PCCD-PBI-1.7 526 534 a 490 638a 0.82d 7 
PLLA-PCCD-PBI-2.9 526 534 a 490 638a 0.81d 6 
PLLA-PCCD-PBI-3.3 526 534 a 490 638a 0.82d 2 

PLLA-OPV-0.7 390 445b 392 440, 469c 0.62e 63 
PLLA-PCCD-PBI-0.3-

OPV-0.7 
390, 526 445b 

 534a 
392, 490 441c, 467c 

638a 
- 23 (OPV)c 

8 (PBI)a 
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moiety, indicating no charge transfer occurring in the ground state.41 Figure 4.13 (b) 

compares the normalized absorption spectra of thin films of the polymers spin coated from 

chloroform. The absorption spectrum of PLLA-PCCD-PBI-0.3-OPV-0.7 was broad, 

especially for the PBI region and the ratios of peak intensities were different compared to that 

in solution, indicating aggregation tendency.42 

 

 

 

 

 

 

Figure 4.13. Normalized absorption spectra of PLLA-OPV-0.7, PLLA-PCCD-PBI-0.3 and 

PLLA-PCCD-PBI-0.3-OPV-0.7 in (a) chloroform solution and (b) film spin coated from 

chloroform. 

To investigate the photophysics and especially address the possibility of photo-

induced energy transfer between the donor (OPV) and acceptor (PBI) moieties of the 

copolyester PLLA-PCCD-PBI-0.3-OPV-0.7, their emission was measured in chloroform 

solution. The energy transfer from OPV unit to PBI unit was monitored in the solution state 

by recording the emission of OPV in the absence and presence of acceptor after excitation of 

OPV at 390 nm. Figure 4.14 (a) compares the emission of the donor alone polymer PLLA-

OPV-0.7, acceptor alone polymer PLLA-PCCD-PBI-0.3, along with that of the D-A 

polymer PLLA-PCCD-PBI-0.3-OPV-0.7 upon excitation at 390 nm. PLLA-OPV-0.7 and 

PLLA-PCCD-PBI-0.3-OPV-0.7 were prepared with 0.1 OD at 390 nm and PLLA-PCCD-

PBI-0.3 was made to have 0.1 OD at 490 nm. When excited at 390 nm, PLLA-OPV-0.7 

emitted strongly with emission maximum at 445 nm. PLLA-PCCD-PBI-0.3 did not exhibit 

noticeable emission upon excitation at the donor wavelength maximum of 390 nm. Excitation 

of donor-acceptor polyester (PLLA-PCCD-PBI-0.3-OPV-0.7) resulted in 27.82% quenching 

of the OPV emission at 445 nm as compared to that of donor alone polymer (PLLA-OPV-

0.7). Excitation of the donor-acceptor polymers (PLLA-PCCD-PBI-0.3-OPV-0.7) at the 

acceptor absorption maximum of 490 nm resulted in a slight (16.96%) quenching of emission 
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from PBI compared to that of the acceptor alone polymer (PLLA-PCCD-PBI-0.3) [figure 

4.14 (b)]. The inset in figure 4.14 (a) compares the excitation spectra collected while 

monitoring the PBI emission at 575 nm for PLLA-PCCD-PBI-0.3 as well as PLLA-PCCD-

PBI-0.3-OPV-0.7. The OPV absorption band is not observed in the excitation spectrum 

while monitoring the PBI emission in PLLA-PCCD-PBI-0.3-OPV-0.7 suggested the 

absence of energy transfer channels between OPV and PBI units. This was also confirmed by 

fluorescence lifetime-decay studies of PLLA-PCCD-PBI-0.3-OPV-0.7 in the presence and 

absence of the acceptor. Fluorescence lifetime-decay profiles were collected for the PLLA-

OPV-0.7 and PLLA-PCCD-PBI-0.3-OPV-0.7 copolymers using LED 390 nm and by 

probing at 445 nm [figure 4.16 (a)]. Both polymers exhibited similar fluorescence lifetime 

decay values of 1.3 ns, indicating that energy transfer did not play a major role. The reason 

for this quenching of donor emission could be radiative transfer by the trivial mechanism 

where the emission of the donor is absorbed by the acceptor.43 
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Figure 4.14. Emission spectra of PLLA-PCCD-PBI-0.3, PLLA-OPV-0.7 and PLLA-PCCD-

PBI-0.3-OPV-0.7 in the chloroform solution (a) λex = 390 nm [0.1 OD at 490 nm for PLLA-

PCCD-PBI-0.3 and 0.1 OD at 390 nm for other two polymers]; (b) λex = 490 nm [0.1 OD at 

490 nm for both polymers]. Inset of (a) compares the normalized (at 526 nm) excitation (λem 

= 575 nm) spectra of PLLA-PCCD-PBI-0.3 and PLLA-PCCD-PBI-0.3-OPV-0.7. 

Figure 4.15 compares the emission of the donor alone polymer PLLA-OPV-0.7, 

acceptor alone polymer PLLA-PCCD-PBI-0.3, along with that of the D-A polymers PLLA-

PCCD-PBI-0.3-OPV-0.7 in film state. Donor-acceptor polymer (PLLA-PCCD-PBI-0.3-

OPV-0.7) exhibited strong emission intensity for OPV and PBI unit upon excitation at 392 
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nm (absorption maximum of OPV unit) and 490 nm (absorption maximum of PBI unit) 

respectively. As compared to donor alone polymer (PLLA-OPV-0.7), D-A polymer 

exhibited 36.14% quenching of donor emission by monitoring the PL emission from OPV 

unit. The inset in figure 4.15 compares the excitation spectra collected while monitoring the 

PBI emission at 638 nm for PLLA-PCCD-PBI-0.3 as well as PLLA-PCCD-PBI-0.3-OPV-

0.7. The OPV absorption band is not observed in the excitation spectrum while monitoring 

the PBI emission in PLLA-PCCD-PBI-0.3-OPV-0.7 suggested the absence of energy- and 

electron transfer channels between OPV and PBI units and it is further confirmed by 

fluorescence lifetime-decay studied in film state. Fluorescence lifetime-decay profiles were 

collected for the PLLA-OPV-0.7 and PLLA-PCCD-PBI-0.3-OPV-0.7 copolymers using 

LED 390 nm and by probing at 440 nm [figure 4.16 (b)]. Both polymers exhibited similar 

fluorescence lifetime decay values of 1.28 ns, confirmed that energy- or electron transfer did 

not play a major role.43 The solid state (powder form) quantum yield of OPV and PBI 

emission in PLLA-PCCD-PBI-0.3-OPV-0.7 was 23 % and 8 % respectively. PLLA-PCCD-

PBI-0.3-OPV-0.7 could be excited independently without energy transfer occurring between 

them, and therefore one can access two different emission regions from PLLA-PCCD-PBI-

0.3-OPV-0.7 just by exciting at appropriate wavelength and it is confirmed by fluorescence 

microscopy studies. 
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Figure 4.15. Emission spectra of PLLA-PCCD-PBI-0.3, PLLA-OPV-0.7 and PLLA-PCCD-

PBI-0.3-OPV-0.7 in the film spin-coated from chloroform solution. Inset compares the 

normalized (at 490 nm) excitation (λem = 638 nm) spectra of PLLA-PCCD-PBI-0.3 and 

PLLA-PCCD-PBI-0.3-OPV-0.7. 
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Figure 4.16. (a) Fluorescence life-time decay profiles (0.1 OD at 390 nm, monitored at 445 

nm) of PLLA-OPV-0.7 and PLLA-PCCD-PBI-0.3-OPV-0.7 in chloroform and (b) 

fluorescence life-time decay profiles (0.1 OD at 392 nm, monitored at 440 nm) of PLLA-

OPV-0.7 and PLLA-PCCD-PBI-0.3-OPV-0.7 in film spin-coated from chloroform solution. 

4.4. Conclusions 
 

Random copolyesters of PLLA and PCCD incorporating varying mol % of 

perylenebisimide (PBI) was successfully synthesized by high-temperature solution-blending. 

All the polyesters were characterized by 1H NMR, SEC, viscosity, TGA, DSC and WXRD 

analyses. The chemical incorporation of PBI chromophore in the backbone of the polyester 

was confirmed by SEC and DSC analysis. These polymers showed good solubility, film-

forming properties and displayed strong red photoluminescence. The photophysical 

properties were studied using steady-state UV-vis absorption and fluorescence spectroscopy 

in solution as well as in solid state. All polymers were highly fluorescent in solution state. 

The solid state fluorescence quantum yield of the polymers decreased with increasing mol % 

incorporation of PBI units. Red fluorescent nanofibers of these polymers were successfully 

constructed by electrospinning technique. These interesting emission properties make them 

potential candidates in various nanodevice applications including laser, waveguide and 

polarized emission. This approach was extended for the construction of the nanofibers of 

copolyester of PLLA and PCCD incorporating both OPV and PBI chromophore. Blue, green 

and red emission from this polymer was observed under fluorescence microscopy upon 

excitation at different wavelengths. 
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Chapter 5 

Donor-Acceptor Random Copolyesters containing 

Perylenebisimide (PBI) and Oligo(p-phenylene 

vinylene) (OPV) by Melt Condensation 

Polymerization: Energy Transfer Studies 
 

Novel copolyesters consisting of oligo(p-phenylenevinylene) (OPV) as donor (D) and 

perylenebisimide (PBI) as acceptor (A) were synthesized by melt polycondensation. Photo-

induced energy transfer and photo-induced charge separation in these polyesters were studied 

in solution as well as in the solid state. Selective excitation of OPV moiety resulted in the 

energy transfer efficiency of > 90% from OPV to PBI chromophore in the solution state. The 

direct excitation of PBI in the D-A copolyester resulted in reduced fluorescence emission of 

acceptor, indicating electron transfer between the D and A moieties. The photo-induced 

energy transfer process in solution state was supported by fluorescence lifetime decay 

studies. The HOMO and LUMO values of polyesters were calculated from cyclic 

voltammetry. A strong fluorescence quenching (~100%) of both chromophores in solid state 

indicated an efficient photo-induced charge transfer after photoexcitation of either donor or 

acceptor. The optical characteristics revealed a short distance and strong interaction between 

the donor and the acceptor chromophores. Reactive blend of donor/acceptor copolyester was 

also prepared by the transesterification reaction between donor and acceptor alone 

copolyesters. The energy transfer efficiency from donor to acceptor moiety upon selective 

excitation of donor chromophore in the donor/acceptor copolyester blend was four times 

higher compared to a physical mixture of donor and acceptor alone copolyesters, which gives 

the direct proof for the transesterification reaction in polyester/polyester  reactive blending. 
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5.1. Introduction 
 

Semiconducting polymers have been attracting considerable attention in organic 

electronics owing to their mechanical properties and solution processability.1-4 Energy-

transfer and electron-transfer processes between a donor and an acceptor play a fundamental 

role in most of the applications such as organic light-emitting diodes (OLEDs) and solar cells 

as well as in basic biological processes such as photosynthesis.5-15 Therefore, a systematic 

design and study of D-A systems is required for understanding these key processes. In most 

of these cases, energy transfer is considerably influenced by the supramolecular ordering and 

spacial relationship of the donor and acceptor chromophores.16-21 One of the way to control 

the distance between donor and acceptor is by covalently linking the D and A in a single 

polymer chain, either as random D-A copolymers or as block copolymers D-b-A.12, 22 

Although synthetically more challenging compared to simple random copolymerization 

processes, the block copolymer approach has received more attention due to the expectation 

that they would produce ordered morphologies with domain sizes on the order of tens of 

nanometers favourable for better device performance. But contrary to expectations, literature 

reports on D-A based block copolymers have shown that the desired structural orientation of 

the D and A units on the device substrate was rather unpredictable.23 A D-A polymer design 

– random, block or graft which can give rise to crystalline domains of the D and/or A is the 

need of the hour. In this regard, the recent literature reports on the positive influence of 

presence of insulating polymer in donor-acceptor semiconductor blends on their solar cell 

device parameters is very encouraging.24, 25 It has recently been shown by Wu et al that small 

amounts of insulating polymer like poly(methylmethacrylate) (PMMA) in P3HT:PCBM 

blends can improve the fill factor (FF) and open circuit voltage (VOC) of solar cells by 

causing the P3HT chain conformations to become more homogeneous and suppress the 

formation of vacancies and leakage pathways. 26 

 

In the second chapter, we had reported a simple high-temperature solution-blending 

approach whereby suitably designed donor and acceptor small molecules based on 

perylenebisimides (PBI; A) and oligo(p-phenylenevinylene) (OPV; D) could be incorporated 

into the backbone of [poly(1,4-cyclohexylenedimethylene-1,4- cyclohexanedicarboxylate)] 

(PCCD). 27 This simple approach not only afforded polymers of a semicrystalline nature with 

blocks of PCCD separating the PBI units but also was able to produce free-standing films of 
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hitherto nonprocessable polymers. The current chapter deals with the synthesis of a series of 

random copolymers of PCCD incorporating varying amounts of suitably modified PBI as 

acceptor and oligo(p-phenylenevinylene) (OPV) as the donor by melt polycondensation, 

where all the copolymers retained the crystallinity of the PBI. The combination of oligo(p-

phenylenevinylene) (OPV) as donor and perylenebisimides (PBI) as acceptor along a 

polymer backbone has been reported previously also.28-30 None of these main chain 

copolymers were reported to retain the crystalline nature of the donor or acceptor units. 

Almost all the reported PBI polymers – whether side chain polymers or main chain polymers, 

were amorphous in nature.31, 32 Perylenebisimides (PBI) although widely studied for its 

unique combination of high electron mobility, large molar absorption coefficients, excellent 

self-assembling ability as well as good thermal and photochemical stabilities, have the 

inherent problem of not retaining its crystalline nature upon incorporation into polymer 

backbone.33-38  

 

Reactive blending is a very promising technology for preparing new polymeric 

materials from existing polymers. The presence of active functional groups such as ester, 

amide and urethane etc. groups in the polymers makes the post reactions possible.39, 40 The 

reactive blend of donor/acceptor copolyester was also prepared by the transesterification 

reaction between donor and acceptor alone copolyesters. The structure and bulk properties of 

the D-A polyesters were studied using 1H NMR, size exclusion chromatography (SEC), 

differential scanning calorimetry (DSC) and wide-angle X-ray diffraction (WXRD). The 

photophysical properties were studied using steady-state UV-vis absorption and fluorescence 

spectroscopy as well as fluorescence lifetime decay measurements. The successful 

occurrence of transesterification between the donor and acceptor alone polyesters in the 

reactive blend was confirmed by comparing the photophysical behaviour with a physical 

mixture of donor and acceptor alone copolyesters. These D-A polyesters combine the 

electronic and optical properties of semiconductors and the attractive mechanical properties 

and processing advantages of polyesters. 

5.2. Experimental Methods 
 

5.2.1. Materials: Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), 6-aminohexan-

1-ol, zinc acetate, 1,4-cyclohexanedimethanol (CHDM) (cis + trans), 1,4-

dimethylcyclohexane dicarboxylate (DMCD) (cis + trans), titanium(IV) butoxide [Ti(OBu)4], 
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4-methoxyphenol, 2-ethylhexylbromide, triethylphosphite, 4-hydroxy benzaldehyde,  

potassium-tert-butoxide,  and ortho-dichloro benzene (ODCB) were purchased from Aldrich 

and used without further purifications. HBr in glacial acetic acid, paraformaldehyde, 

potassium carbonate, potassium iodide, tetrahydrofuran (THF), 2-chloroethanol and all other 

solvents were purchased locally and purified with standard procedures. 

 

5.2.2. Instrumentation: 1H NMR spectra were recorded using a Bruker Avance 200 MHz 

spectrometer. Chemical shifts (δ) are reported in ppm at 25 oC with a small amount of 

tetramethylsilane (TMS) as internal standard. The molecular weight of synthesized polymers 

was determined using size exclusion chromatography (SEC). SEC measurements were 

carried on a Polymer Laboratories PL-GPC-220 at 25 oC using chloroform (Merck) as the 

mobile phase. The analysis was carried out at a flow rate of 1 mL/min using a set of three 

PLgel columns and a refractive index (RI) detector. Columns were calibrated with 

polystyrene standards and the molecular weights reported were with respect to polystyrene. 

The inherent viscosities were measured with an ubbelodhe viscometer at 30 °C in the mixture 

of phenol/1,1,2,2-tetrachloroethane (60/40) at a concentration of 0.5 g/dL. Absorption spectra 

were recorded using Perkin-Elmer Lambda 35 UV-spectrophotometer. Steady-state 

fluorescence studies and fluorescence lifetime measurements were performed using Horiba 

Jobin Yvon Fluorolog 3 spectrophotometer having a 450 W xenon lamp for steady-state 

fluorescence and nanoLED of 390 nm and 460 nm for fluorescence lifetime measurements. 

For lifetime measurements, decay curves were obtained by the time-correlated single photon 

counting (TCSPC) technique. The fluorescence quantum yields of PBI polymer were 

determined in CHCl3 using rhodamine 6G in ethanol (ɸ= 0.95) as the standard by exciting at 

490 nm and OPV polymer were determined in CHCl3 using quinine sulphate in 0.1 M H2SO4 

(ɸ=0.54) as the standard by exciting at 360 nm. Solid state photoluminescence spectra were 

recorded using the front face scan mode with the same Fluorolog spectrofluorimeter. The 

thermal stability of the polymers was analyzed using a Perkin-Elmer thermogravimetric 

analyzer under nitrogen atmosphere at heating rate of 10 oC/min. Differntial scanning 

colorimetry (DSC) was performed using TA Q10 differential scanning calorimeter at heating 

rate of 10 oC/min. Wide-angle X-ray diffraction (WXRD) were recorded by Phillips x’pertpro 

powder X-ray diffractometer using Cu Kα radiation, and the spectra were recorded in the 

range of 2θ = 5-30°. Electrochemical properties of polymers were studied using a BAS-

Epsilon potentiostat. 
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5.2.3. Synthesis 
 

Synthesis of copolyester of PCCD incorporating OPV chromophore by melt 

polycondensation (MCOPV-13): DMCD (2.00 g, 10 mmol), CHDM (1.15 g, 8 mmol) and 

OPV-2-Diol (1.12 g, 2 mmol) were weighed into a tubular glass reactor. The reaction mixture 

was melted in a salt bath at 160 oC, cooled and Ti(OBu)4 (3.4 mg, 0.1 mol % of diester) 

solution in ODCB was added to the mixture. The reaction was heated from 160 to 180 oC 

over 2 h with stirring 100 rpm and then from 180 to 230 oC over 2 h, allowing methanol to 

distil. Vacuum was applied and the pressure was gradually reduced to 0.4 mm Hg over 20 

min, while the temperature was raised from 230 to 250 oC. The reaction was continued at 250 
oC for 2 h. The product was cooled, DCM was added, and the polymer solution was poured 

into methanol. The resultant material was filtered and dried in oven at 60 oC. Yield: 74.94%; 
1H NMR (200 MHz, CDCl3) δ ppm: 6.86–7.45 (Ar–H and vinylic H), 4.43 (–CH2–CH2–O–

CO–R), 4.17 (–CH2–CH2–O–CO–R), 3.96 (cis –CH2 in PCCD), 3.90 (trans –CH2 in 

PCCD), 3.66 (–CO–O–CH3 end group),  0.97–2.45 (aliphatic H in OPV unit and cyclic–H in 

PCCD). 

 

Synthesis of copolyesters of PCCD incorporating both OPV and PBI chromophores 

(MCOPV-13-Per-x): DMCD (2.00 g, 10 mmol), CHDM (1.00 g, 7 mmol), OPV-2-Diol 

(1.12 g, 2 mmol) and PBI-6-Diol (0.59 g, 1 mmol) [for MCOPV-13-Per-7] were weighed 

into a tubular glass reactor. The reaction mixture was melted in a salt bath at 160 oC, cooled 

and Ti(OBu)4 (3.4 mg, 0.1 mol % of diester) solution in ODCB was added to the mixture. 

The reaction was heated from 160 to 180 oC over 2 h with stirring 100 rpm and then from 180 

to 230 oC over 2 h, allowing methanol to distil. Vacuum was applied and the pressure was 

gradually reduced to 0.4 mm Hg over 20 min, while the temperature was raised from 230 to 

250 oC. The reaction was continued at 250 oC for 2 h. The product was cooled, DCM was 

added, and the polymer solution was poured into methanol. The resultant material was 

filtered and dried in oven at 60 oC. Yield: 76.01%; 1H NMR (200 MHz, CDCl3) δ ppm: 8.58 

(perylene H), 6.86–7.44 (Ar–H and vinylic H in OPV part), 4.42 (–CH2–CH2–O–CO– in 

OPV part), 3.86–4.17 (–CH2–CH2–O–OC– in OPV part, –CH2–CH2–O–OC– in PBI part,  cis 

and trans –CH2 – in PCCD and imide ‒CH2‒), 3.66 (–CO–O–CH3 end group),  0.97–2.45 

(cyclic–H in PCCD, aliphatic H in OPV unit and ‒CH2‒ in PBI part). 
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Synthesis of MCOPV-13/MCPer-7 blend by high-temperature solution-blending 

approach: MCOPV-13 (1.58 g, 5 mmol) and MCPer-7 (1.52 g, 5 mmol) were weighed into 

a cylindrical polymerization tube and added 5 mL of ODCB. The tube was immersed in a 

preheated oil bath at 180 oC, and the mixture was stirred for 30 min with stirring rate of 100 

rpm. To this, Ti(OBu)4 (34 mg, 1 mol %) solution in ODCB was added and the reactive 

blending was continued with stirring at 180 C for 3 h. The product was cooled, DCM was 

added, and the polymer solution was poured into methanol. The resultant material was 

filtered and the polymer was dried in oven at 60 oC. Yield: 86.13%; 1H NMR (200 MHz, 

CDCl3) δ ppm: 8.58 (perylene H), 6.86–7.44 (Ar–H and vinylic H in OPV part), 4.42 (–CH2–

CH2–O–CO– in OPV part), 3.86–4.17 (–CH2–CH2–O–OC– in OPV part, –CH2–CH2–O–

OC– in PBI part,  cis and trans –CH2 – in PCCD and imide ‒CH2‒), 3.66 (–CO–O–CH3 end 

group),  0.97–2.45 (cyclic–H in PCCD, aliphatic H in OPV unit and ‒CH2‒ in PBI part). 

5.3. Results and Discussions 

5.3.1. Synthesis and Characterization of Monomers and Polymers 
 

The hydroxyl functionalized perylenebisimide derivative (PBI-6-Diol) was 

synthesized through the 6-aminohexan-1-ol coupling of PTCDA as discussed previously in 

chapter 4. Similarly, the hydroxyl functionalized OPV derivative (OPV-2-Diol) was 

synthesized as discussed previously in chapter 2.41 The melt condensation polymerization of 

the PBI-6-Diol and/or OPV-2-Diol with 1,4-cyclohexanedimethanol (CHDM) and 1,4-

dimethylcyclohexane dicarboxylate (DMCD) was carried out as shown in scheme 5.1. 0.1 

mol % of Ti(OBu)4 dissolved in ODCB was added as the catalyst. The melt condensation was 

carried out in a cylindrical glass reactor in a two step process. The first step was at 

atmospheric pressure with a temperature ramp and continuous nitrogen flow to remove the 

methanol that was eliminated, while the second step was under dynamic vacuum (0.4 mm 

Hg) at 250 oC. The polymers were dissolved in DCM and precipitated into methanol. The 

copolyesters obtained by the melt condensation were named as MCOPV-x, MCPer-x or 

MCOPV-x-Per-x, where x represented the mole % incorporation.  
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Scheme 5.1. Synthetic route for the melt polycondensation of PBI-6-Diol/OPV-2-Diol with 

DMCD and CHDM. 

 

Table 5.1 gives the sample name, amount of hydroxyl functionalized PBI or OPV 

taken in the feed, the actual incorporation determined using 1H NMR, molecular weight 

determined by SEC in CHCl3 using polystyrene standards, the inherent viscosity measured in 

the mixture of phenol/1,1,2,2-tetrachloroethane (60/40 v/v), the 10 % weight loss temperature 

obtained from TGA, the glass transition temperature (Tg) obtained from differential scanning 

calorimetry (DSC) as well as the yield of the various copolyesters. The structure of all the 

copolyesters is shown in scheme 5.1. The transesterification reaction between MCOPV-13 

(donor polymer) and MCPer-7 (acceptor polymer) was carried out by dissolving MCOPV-

13 and MCPer-7 in minimum amount of a high boiling solvent like ODCB and heating in 

presence of 1 mol % of transesterification catalyst Ti(OBu)4. The copolyester obtained by the 

reactive blending was named as MCOPV-13/MCPer-7 blend. 
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Table 5.1. Polymer designation, feed ratio, actual incorporation determined from 1H NMR, 

molecular weight (Mw), polydispersity index, viscosity data (inh), yield, glass transition (Tg) 

and 10% weigh loss temperature (TD) of polymers. 

 

 

 

Polymer 

Feed 

Ratio      

(PCCD: 

PBI/ 

OPV) 

Compositi
on  

(PCCD: 
OPV/PBI) 
(from 

1
H 

NMR) 

(mol %) 

Mw  
(g/ 

mol)a 

 

Poly 

dispersity 

index 

(ĐM) 

inh 

(dL/ 

g)b 

Yield 
(%) 

Tg 
(oC) 

TD 
(oC) 

MCPer-7 90:10 93:7 23700 1.9 0.31 76 46 420 

MCOPV-13 80:20 87:13 45900 2.7 0.41 75 50 393 

MCOPV-13-Per-4 75:20:5 83:13:4 35500 2.5 0.37 77 55 424 

MCOPV-13-Per-7 70:20:10 80:13:7 17000 2.3 0.29 76 56 428 

MCOPV-13-Per-11 60:20:20 76: 13:11 16800 2.4 0.27 77 64 424 

MCOPV-13-Per-18 50:20:30 69:13:18 13500 2.3 0.21 75 76 403 

PBI-6-Diol - - - - - 86 - 439 

OPV-2-Diol - - - - - 61 - 368 

 

a. Measured by size exclusion chromatography (SEC) in chloroform (CHCl3), 

calibrated with linear, narrow molecular weight distribution polystyrene as standards. 

b. Determined in a mixture of phenol/1,1,2,2-tetrachloroethane (60/40) as solvent. 

 

The structures of the polymers were confirmed by 1H NMR and molecular weights 

were determined using size exclusion chromatography (SEC). Figure 5.1 compares the 1H 

NMR spectra of MCOPV-13, MCPer-7 and MCOPV-13-Per-7. The incorporation of the 

OPV or PBI in the different copolyesters were calculated from the 1H NMR spectra by 

comparing the integration of peaks corresponding to the OPV aromatic protons (labelled ‘c’) 

or PBI aromatic protons (labelled ‘d’) with that of the cis and trans-isomeric protons in –

CHCO– attached to DMCD (labelled ‘a’). The incorporation of OPV and PBI was 

determined to be 13 and 7 mol % for a feed intake of 20 and 10 mol % in OPV containing 

polyester (MCOPV-13) and PBI containing polyester (MCPer-7) respectively.  
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Figure 5.1. Stack plot of 1H NMR spectra of MCOPV-13, MCPer-7 and MCOPV-13-Per-7 

in CDCl3. 

In the copolyester containing both PBI and OPV, the mol % feed of OPV-2-Diol was 

kept constant at 20 mol % and the mol % feed of PBI-6-Diol was varied from 5 to 30 mol %. 

The aromatic units (labelled ‘c’ and ‘d’) and protons in –CHCO– attached to DMCD 

(labelled ‘a’) were used to calculate the extent of incorporation of the donor and acceptor 

with respect to PCCD. The mol % incorporation of OPV unit was determined to be the same 
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for all polyesters ~ 13 mol % incorporation for an intake feed of 20 mol % and the mol % 

incorporation of PBI unit was determined as 4, 7, 11 and 18 mol % corresponding to the 

intake feed of 5, 10, 20 and 30 mol % respectively. The 1H NMR spectra of all polymers 

showed the presence of two sets of doublets around 3.48 and 3.55 ppm (encircled in figure 

5.1). This corresponded to the methylene proton of the CH2OH end group.42 The polyesters 

also showed a singlet at 3.66 ppm (figure 5.1, asterisk), which corresponded to the methyl 

ester (–CO–O–CH3) end group from the DMCD component.42 

5.3.2. Molecular Weights of Polymers 
The polymers were soluble in common organic solvents such as dichloromethane and 

chloroform at room temperature. The molecular weights of the polymers were determined by 

size exclusion chromatography (SEC) in CHCl3 using polystyrene standards. Figure 5.2 (a) 

shows the SEC plots of the polyesters. The Mw of MCOPV-13 was 45900 and that of 

MCPer-7 was 23700. Molecular weights of polyesters decreased with increasing PBI 

content. Table 5.1 also gives the solution viscosity measured in a solvent mixture of 

phenol/1,1,2,2,-tetrachloroethane of composition (60/40) for all the polymers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. (a) Size exclusion chromatography (SEC) of copolyesters in chloroform using 

polystyrene as standard; (b) plot comparing the molecular weight (Mw) and inherent 

viscosity (inh) of copolyesters as a function of increased PBI. 
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Figure 5.2 (b) compares the molecular weight (Mw) and inherent viscosity (inh) of 

copolyesters as a function of increasing incorporation of PBI. Both the plots were consistent 

with each other and showed decrease in molecular weight and viscosity with more PBI 

incorporation which could be attributed to the increase in the rigidity of the polymer 

backbone. This trend is well understood in literature also i.e higher incorporation of rigid 

units resulting in reduction in the molecular weight.43 As shown in figure 5.2 (a), the 

molecular weight distribution of MCOPV-13/MCPer-7 blend was different from that of 

MCOPV-13 and MCPer-7 copolyesters. Polydispersity index (ĐM = Mw/Mn) of MCOPV-

13 and MCPer-7 were 2.7 and 1.9 respectively whereas the reactive blending of these two 

polyesters resulted in a drastic change in polydispersity index to 3.7. This illustrated the very 

wide molecular weight ranges present in the MCOPV-13/MCPer-7 blend which was a 

consequence of the transesterification reaction between these polyesters.  

5.3.3. Thermal Properties of Polyesters 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. (a) TGA thermograms of PBI-6-Diol, OPV-2-Diol and copolyesters under 

nitrogen atmosphere at heating rate of 10 oC/min; (b) DSC thermograms of copolyesters 

showing second heating cycle at heating rate of 10 oC/min. 

   

The thermal properties of the polymers and the two diols – PBI-6-Diol and OPV-2-

Diol are summarized in table 5.1. Figure 5.3 (a) shows the TGA analysis for the series of 

polymers. All polyesters were thermally stable up to 390 oC. The 10% weight loss 

temperature for OPV-2-Diol was around 368 oC, while that for the more rigid PBI-6-Diol was 

higher at around 440 oC. As shown in the table 5.1, the 10% weight loss temperature for all 
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the MCOPV-13-Per-x polyesters were higher than those of OPV containing polyester 

(MCOPV-13) as expected from the highly rigid structure of PBI. Figure 5.3 (b) compares the 

second heating DSC thermogram of all the polyesters. The Tgs of polyesters increased with 

increasing mol % incorporation of PBI. The Tg of MCOPV-13 was 50 oC where as 18 mol % 

incorporation of PBI resulted in copolyester with Tg of 76 oC indicating the increased 

stiffness upon incorporation of rigid PBI units into the polyester backbone.43 

5.3.4. Wide-angle X-ray Diffraction (WXRD)  
 

The polyesters were analyzed for their bulk packing using wide-angle X-ray 

diffraction (WXRD) in the range of 2 = 5-30 at room temperature (25 oC). The diols, PBI-

6-Diol and OPV-2-Diol were highly crystalline as indicated by the large number of sharp 

reflections in the entire range of 2 (figure 5.4).   

 

 

 

 

 

 

 

 

 

Figure 5.4. WXRD traces of PBI-6-Diol and OPV-2-Diol at room temperature. 

 

Figure 5.5 compares the WXRD patterns of MCOPV-13-Per-x polyesters along with 

that of MCPer-7 and MCOPV-13 polyester. The OPV alone polyester MCOPV-13 showed 

a broad peak indicating the absence of crystallinity. The PBI alone polyester MCPer-7, on 

the other hand had sharp reflections at 2 = 9.49, 12.41 and 24.94 corresponding to the d 

spacing of 9.31 Å, 7.12 Å and 3.57 Å respectively. The sharp peak in the wide angle region 

(circled in figure 5.5) corresponding to 3.57 Å is attributable to the average - stacking 

distance of the PBI aromatic core.44 The copolyesters containing both OPV and PBI, 

MCOPV-13-Per-x all had sharp crystalline peaks at 

2and 24.94 (3.57The intensity of all the sharp 

peaks with respect to the broad amorphous peak around 2 = 15-20 increased with 
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increasing mol % incorporation of PBI, suggesting increased crystalline packing.Thepeak 

around 2was visible even for the lowest incorporation of PBI i.e 4 mol %, 

but the intensity was quite high beyond 11 mol % incorporation of PBI units. Such an 

evidence for crystallinity and - stacking of the PBI units in a main chain polymer scaffold 

is very rare in literature. The insulating PCCD matrix could be expected to play a role in 

helping the PBI units to align properly resulting in improved  stacking.24-26 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. WXRD patterns of thin films of the polymers at room temperature. 

5.3.5. Electrochemical Properties 
 

The electrochemical behaviour of the MCOPV-13, MCPer-7 and MCOPV-13-Per-7 

were investigated by cyclic voltammetry (CV), which was performed in dichloromethane 

containing 0.1 M TBAPF6 (tetra-n-butylammonium hexafluorophosphate) as electrolyte. 

Table 5.2 gives their redox behaviour and figure 5.6 shows the stack plot of their cyclic 

voltammetry curves. Normally perylenebisimides show two reduction peaks corresponding to 

the formation of the mono and dianion respectively.45 But the perylene copolymer MCPer-7 

had one broad reduction peak at -1.23 V in the cathodic scan indicating that the two reduction 

peaks had merged together to give one broad peak. But in the anodic scan it resolved as two 

peaks at -0.91 and -1.13 V. The OPV copolymer MCOPV-13 had two irreversible oxidation 

at 0.53 V, 0.81 V corresponding to mono and dication of OPV unit.28 The redox behaviour of 

MCOPV-13-Per-7 in dichloromethane indicated both oxidative and reductive processes. 

Two reversible reduction peaks were observed at -1.00 and -1.19 V corresponding to the 
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reduction of the perylene moiety and two irreversible oxidation peak were observed at 0.53, 

0.81 V corresponding to the OPV moiety. 

Table 5.2. Cyclic Voltammogram data of MCPer-7, MCOPV-13 and MCOPV-13-Per-7 

performed in dichloromethane containing 0.1 M TBAPF6 (tetra-n-butylammonium 

hexafluorophosphate) as electrolyte at 100 mV s-1. Measurement was calibrated with 

ferrocene/ferrocenium redox system Vs Ag/Ag+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Cyclic Voltammogram of MCPer-7, MCOPV-13 and MCOPV-13-Per-7 

performed in dichloromethane containing 0.1 M TBAPF6 (tetra-n-butylammonium 

hexafluorophosphate) as electrolyte at 100 mV s-1. Measurement was calibrated with 

ferrocene/ferrocenium redox system Vs Ag/Ag+. 

The HOMO energy value for the OPV was estimated from the onset potentials of 

oxidation, while the LUMO energy values for the PBI was estimated from the onset of 

reduction event. After calibration of the measurements against Fc/Fc+, the oxidation potential 

of which is assumed at 4.8 eV below the vacuum level, the HOMO and LUMO energy levels 

were calculated according to the following equations.46 

 
Polymer 

 ௫௦௧(V)ܧ
OPV 

 ௗ௦௧ (V)ܧ
PBI 

LUMO 
(eV) 

HOMO 
(eV) 

ܧ
௧ (eV) 

 (௧ܧ)
MCPer-7 - -0.83 -3.90 -5.64 1.74  

MCOPV-13 0.42 - -2.83  -5.15 2.32  
MCOPV-13-Per-7 0.44 -0.82 -3.91  -5.17 1.65 (1.26) 
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(ܸ݁)ுைெைܧ = ௫௦௧ܧൣ− − (ାܨ/ܨ)ଵ/ଶܧ + 4.8൧ 

(ܸ݁)ெைܧ = ௗ௦௧ܧൣ− − (ାܨ/ܨ)ଵ/ଶܧ + 4.8൧ 

where ܧଵ/ଶ(ܨ/ܨା) is the half-wave potential of the ferrocene/ ferrocenium couple measured 

relatively to Ag/Ag+. The HOMO energy levels of PBI moiety and LUMO energy levels of 

OPV moiety were estimated from the optical band gap and cyclic voltammetry data. The 

electrochemical band gap ܧ௧ = ܧெை  - ܧுைெை  for MCOPV-13-Per-7 was estimated as 

1.26 eV. The optical energy gap ܧ
௧ was determined from the onset of absorption in thin 

film (given in table 5.2) using the equation ܧ
௧= 1240/λonset. The energy values suggested 

the possibility of photoinduced energy- and/or electron- transfer from OPV moiety to PBI 

moiety. 

5.3.6. Photophysical Properties 
 

The optical properties of the polymers were investigated by UV-Vis and fluorescence 

spectroscopy in both solution and solid state, which are summarised in table 5.3. Figure 5.7 

(a) shows the normalized absorption and emission of MCPer-7 in chloroform solution as 

well as film state. The copolyester, MCPer-7 showed the typical absorption of 

perylenebisimide with peaks in the range of 400-530 nm, corresponding to the 0–0, 0–1, 0–2, 

and 0–3 electronic transitions respectively in chloroform.47 The absorption spectrum in the 

solid state was broad with max  495 nm, and the ratios of peak intensities were different 

compared to that in solution which is characteristic of - stacking of PBI aromatic core with 

rotational offset.47, 48 This was in accordance with the observation of PBI aromatic core 

stacking in thin films studied using WXRD. Emission from MCPer-7 was studied by 

exciting at the absorption wavelength of 490 nm. In solution, typical emission of PBI with 

peak maxima at 533, 575, 625 nm was observed whereas in the solid state, PBI monomer 

emission at 533 nm was hugely suppressed and a red shifted intense broad aggregate 

emission was observed at 641 nm.47 Figure 5.7 (b) shows the normalized absorption and 

emission of MCOPV-13 in solution as well as film state. MCOPV-13 exhibited absorption 

maximum at 392 nm and emission maximum at 445 nm with a shoulder peak at 470 nm in 

chloroform.49 In the solid state, the absorption spectrum was slightly red shifted with 

absorption maximum at 396 nm. The lower extent of organization of the OPV moieties 

compared to the PBI units was evident from the very short (4 nm) shift of the absorption 
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spectra in the solid state compared to that in solution. The OPV monomer emission at 445 nm 

was suppressed and a red shifted intense aggregate emission was observed at 493 nm in the 

solid state.50 Both polymers, MCOPV-13 and MCPer-7 were highly fluorescent with 

quantum yields of 0.58 and 0.87 in chloroform respectively. 

 Figure 5.7. Normalized absorption and emission spectra of (a) MCPer-7 and (b) MCOPV-

13 in the solution (chloroform) and in film spin-coated from chloroform [0.1 OD at 490 nm, 

λex = 490 nm for MCPer-7 and 0.1 OD at 394 nm, λex = 394 nm for MCOPV-13]. 

Table 5.3. Absorption and emission of polymers in solution and solid state along with 

fluorescence quantum yields FL in solution.  

 
a. Excitation at 490 nm   

b. Excitation at 394 nm 

c. The fluorescence quantum yield for MCPer-7 in CHCl3 was obtained upon excitation 

at 490 nm and was measured using rhodamine-6G in ethanol as standard. 
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Emission 
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max (nm) 
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Emission 

 max (nm) 
(In film) 

FL 
(soluti
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MCPer-7 527 533a 493 641a 0.87c 
MCOPV-13 392 445b 396 493b 0.58d 

MCOPV-13-Per-4 527, 394 445, 533b 396, 497 - - 
MCOPV-13-Per-7 527, 394 445, 533b 398, 497 - - 

MCOPV-13-Per-11 527, 394 445, 533b 399, 497 - - 
MCOPV-13-Per-18 527, 394 445, 533b 402, 497 - - 
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d. The fluorescence quantum yield for MCOPV-13 in CHCl3 was obtained upon 

excitation at 360 nm and was measured using quinine sulphate in 0.1 M H2SO4 

solution as standard. 

 

Figure 5.8. compares the normalized (at the OPV absorption wavelength maxima of 

394 nm) absorption spectra of MCOPV-13 and MCPer-7 along with donor-acceptor random 

copolyesters (MCOPV-13-Per-x) in chloroform. The absorption spectra of the random 

copolyesters, MCOPV-13-Per-x was a linear addition of the characteristic absorption bands 

of both OPV and PBI moiety indicating no charge transfer occurring in the ground state .30 
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Figure 5.8. Normalized absorption spectra of polymers in chloroform. 

The primary condition for energy transfer from donor to acceptor is the spectral 

overlap of the donor emission and acceptor absorption.51 Figure 5.9 shows the overlap in the 

emission spectra of MCOPV-13 with the absorption band of MCPer-7 indicating possible 

transfer of excitation energy from donor (OPV moiety) to acceptor (PBI moiety). The 

absorption of OPV and PBI unit did not have any considerable overlap, which made them 

suitable for selective excitation and energy-transfer studies. The overlap integral [J(λ)] which 

expresses the degree of spectral overlap between the donor emission and the acceptor 

absorption is determined as follows.51 

(ߣ)ܬ                                                    =  ∫ ஶߣସ݀ߣ(ߣ)ߝ(ߣ)ܨ
  



                                                                                                                         Chapter 5 

130 
 

Here, ܨ(ߣ) is the corrected fluorescence intensity of the donor in the wavelength range λ to 

ߣ + ߣ∆  with the total intensity (area under the curve) normalized to unity. (ߣ)ߝ   is the 

extinction coefficient of the acceptor at λ. The overlap integral calculated for MCOPV-13 

(donor) and MCPer-7 (acceptor) was 13.3 x 1014 M-1cm-1(nm)4. The distance at which 

energy transfer is 50 % efficient is called the Förster distance (R0), which is given by, 

                                                          ܴ = 0.211[݇ଶ݊ିସܳ(ߣ)ܬ]ଵ/    

 The Förster distances (R0) are usually reported for an assumed value of k2; typically k2 = 2/3. 

The quantum yield of the donor (QD) is determined by comparison with standard 

fluorophores. The Förster distance calculated for MCOPV-13 (donor) and MCPer-7 

(acceptor) was 45.73 Å. 

 
Figure 5.9. Normalized absorption spectrum of MCPer-7 and emission spectrum of 

MCOPV-13 in the solution (chloroform). 

 

To investigate the photophysics and especially address the possibility of photo-

induced energy transfer between the donor (OPV) and acceptor (PBI) moieties of the 

copolyester, their fluorescence was measured in chloroform solution. The energy transfer 

from OPV unit to PBI unit was monitored in the solution state by recording the emission of 

OPV in the absence and presence of acceptor after excitation of OPV at 394 nm. Figure 5.10 

(a) compares the emission of the donor alone polymer MCOPV-13, acceptor alone polymer 

MCPer-7, along with that of the D-A polymers MCOPV-13-Per-x upon excitation at 394 

nm. All polymers were prepared with 0.1 OD at 394 nm except for MCPer-7 which was 

made to have 0.1 OD at 490 nm. When excited at 394 nm, MCOPV-13 emitted strongly with 

emission maximum at 445 nm. MCPer-7 did not exhibit noticeable emission upon excitation 

at the donor wavelength maximum of 394 nm. Excitation of donor-acceptor polyesters having 
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different amount of acceptor (4–18 mol %) resulted in gradual quenching of the OPV 

emission at 445 nm with simultaneous emission at 533, 575 and 625 nm corresponding to the 

emission of the acceptor, indicating the efficient energy transfer from donor to acceptor.52 

The intensity of emission peak corresponding to the acceptor increased with increasing mol 

% incorporation of acceptor, which could be clearly observed from figure 5.10 (b) which was 

obtained by normalizing the emission spectra at the OPV emission maximum of 445 nm. 

Excitation of the polymers at the acceptor absorption maximum of 490 nm resulted in a 

quenched emission from PBI compared to that of the acceptor alone polymer. Since 

photoexcitation of PBI cannot result in energy transfer to the energetically high OPV, the 

reason for the PBI quenched emission could be attributed to occurrence of charge 

separation.28 
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Figure 5.10. (a) Emission spectra of polymers in the solution (chloroform) [0.1 OD at 490 

nm for MCPer-7 and 0.1 OD at 394 nm for all other polymers, λex = 394 nm] and (b) 

normalized (at λex = 445 nm) emission spectra. 

 

The energy transfer efficiency from donor to the acceptor can be measured using the 

relative fluorescence intensity of the donor, in the absence (FD) and presence (FDA) of 

acceptor: 

ܧ = 1−
ܨ
ܨ

 

The energy transfer efficiencies from OPV moiety to PBI moiety for MCOPV-13-Per-4, 

MCOPV-13-Per-7, MCOPV-13-Per-11 and MCOPV-13-Per-18 were calculated as 51.47, 

70.00, 79.67 and 90.75 % respectively, which is showed in table 5.4. 
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Table 5.4. Spectral overlap integral J(), Förster radii (R0) and energy transfer efficiency 

together with the calculated donor-acceptor distance (r) of the polymers. 
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Figure 5.11. Plot comparing the energy transfer efficiency and D-A distance (r) of the 

polymers as a function of increased mol % incorporation of PBI. 

 

The distance between donor and acceptor (r) in each polymer was calculated using the 

equation,  

ݎ = ܴ 
1 − ܧ
ܧ ൨

ଵ/

 

The D-A distance for MCOPV-13-Per-4, MCOPV-13-Per-7, MCOPV-13-Per-11 and 

MCOPV-13-Per-18 were 45.28, 39.70, 36.42 and 31.25 Å respectively. Figure 5.11 

compares the energy transfer efficiency and D-A distance for MCOPV-13-Per-x polymers as 

a function of increasing mol % incorporation of PBI. The energy transfer efficiency increased 

with increasing mol % of PBI since it depended strongly on D-A distance, which decreased 

with increasing mol % of PBI. 

 
Polymer 

J (λ)1014 

[M-1 

cm-

1(nm)4] 

Förster 
radii 
Ro 

(A0) 

Energy 
transfer 

efficiency 
(%) 

Donor-
acceptor 
distance 
(r) A0 

 
Donor 

 
Acceptor 

Donor/ acceptor 
polymer 

MCOPV-13 MCPer-7  13.3 45.73 17.15 59.46 
  MCOPV-13-Per-4   51.47 42.28 
  MCOPV-13-Per-7   70.00 39.70 
  MCOPV-13-Per-11   79.67 36.42 
  MCOPV-13-Per-18   90.75 31.25 
  MCOPV-

13/MCPer-7 blend 
  77 37.39 
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The influence of covalent linking of D and A on the energy transfer process from D to 

A was investigated by comparing the emission spectra of the donor-acceptor polymer - 

MCOPV-13-Per-7 and a 1:1 physical mixture of MCOPV-13 (donor polymer) with 

MCPer-7(acceptor polymer). Therefore, emission spectra of donor copolyester MCOPV-13, 

D-A polymer MCOPV-13-Per-7 and a 1:1 physical mixture of MCOPV-13 and MCPer-7 

in CHCl3 were recorded at concentration of 0.1 OD at 394 nm, excited at 394 nm and given 

in figure 5.12. Compared with 70 % energy transfer efficiency from OPV moiety to PBI 

moiety in MCOPV-13-Per-7, only 17 % was observed in the 1:1 physical mixture. Thus the 

covalent linkage of D and A had a drastic influence on the energy transfer in the D-A 

copolyester. The excitation of MCOPV-13/MCPer-7 blend at 394 nm resulted in the energy 

transfer efficiency of 77 % from OPV to PBI moiety with simultaneous emission at 533, 575 

and 625 nm corresponding to the emission of the acceptor, which is also showed in figure 

5.12. The energy transfer efficiency from OPV to PBI in MCOPV-13/MCPer-7 blend was 4 

times more than in the physical mixture of MCOPV-13 (donor polymer) with MCPer-7 

(acceptor polymer). This gives the direct proof for the ester exchange reaction in the reactive 

blend of MCOPV-13 with MCPer-7. 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Emission spectra of MCOPV-13, MCOPV-13-Per-7, MCOPV-13/MCPer-7 

blend and a 1:1 physical mixture of MCOPV-13 with MCPer-7 (MCOPV-13 + MCPer-7) in 

solution (chloroform) [0.1 OD at 394 nm, λex = 394 nm].  
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The photoinduced energy transfer was further supported by fluorescence decay 

studies. Fluorescence decays were collected at 445 nm (donor emission) with excitation at 

390 nm in chloroform at 25 C. The fluorescence decay profiles of MCOPV-13 in CHCl3 (λex 

= 390 nm) exhibited biexponential decay with a dominant lifetime of 1.17 ns ( = 0.87) and 

1.80 ns ( = 0.13) when monitored at 445 nm (figure 5.13 and table 5.5). In the D-A 

polymers MCOPV-13-Per-x, the decay become fast, with the dominant lifetime of 0.60 ns 

for MCOPV-13-Per-4, which reduced further to 0.35 ns for MCOPV-13-Per-18. Such 

acceleration in decay dynamics of donor in the presence of acceptor provides clear evidence 

of nonradiative energy transfer, and rule out the possibility of trivial radiative mechanism.51 

The 1:1 physical mixture also exhibited biexponential decay with lifetimes of 1.11 ns ( = 

0.81) and 1.71 ns ( = 0.19) when monitored at 445 nm. Noticeably, the fluorescence decay 

of the 1:1 physical mixture of MCOPV-13 with MCPer-7 was found to be almost same as 

that observed for MCOPV-13 indicating poor efficiency of energy transfer from donor to 

acceptor in the physical mixture. The fluorescent decay profile of MCOPV-13/MCPer-7 

blend exhibited biexponential (2 = 1.04) decay with reduced lifetime of 0.44 ns ( = 0.63) 

and 1.25 ns ( = 0.37) provides the evidence for the energy transfer from OPV to PBI moiety.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Fluorescence decay profiles (0.1 OD at 394 nm, λex = 390 nm, monitored at 445 

nm) on the addition of increasing amount of PBI (from 4 to 18 mol %) in chloroform at room 

temperature. 
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Table 5.5. Parameters (: decay time, : pre-exponential factor, 2: chi-squared value) retrieved 

from the biexponential fit for polyesters in solution (chloroform, 0.1OD at 394 nm). The 

decay time was collected at 445 nm by using nano LED 390 nm for excitation. 

 

 

 

 

 

 

 

The fluorescence decay of MCOPV-13-Per-7 was also collected at 533 nm (acceptor 

emission) with excitation at 460 nm in chloroform and compared with that of the acceptor 

alone polymer MCPer-7 (figure 5.14). The lifetime at the PBI emission in MCPer-7 could 

be fitted to monoexponential (2 = 1.06) with lifetime of 3.71 ns and in MCOPV-13-Per-7, 

the decay become fast (2 = 1.20) with lifetime of 3.09 ns. This is an indication of presence 

of electron transfer process resulting in reduced lifetime in the donor-acceptor polymer. 
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Figure 5.14. Fluorescence decay profiles (0.1 OD at 490 nm, λex = 460 nm, monitored at 533 

nm) of MCOPV-13-Per-7 and MCPer-7 in chloroform. 

Polymer Life Time (ns)  
1 

 
2 

 
2 τ1 τ2 

MCOPV-13 1.17 1.80 0.87 0.13 1.00 
MCOPV-13-Per-4 0.60 1.34 0.51 0.49 1.00 
MCOPV-13-Per-7 0.47 1.27 0.62 0.38 1.00 
MCOPV-13-Per-11 0.42 1.24 0.64 0.36 1.00 
MCOPV-13-Per-18 0.35 1.23 0.78 0.22 1.00 
Physical mixture of 

MCOPV-13 with 
MCPer-7 

 
1.11 

 
1.71 

 
0.81 

 
0.19 

 
1.00 

MCOPV-13/MCPer-
7 blend 

0.44 1.25 0.63 0.37 1.04 
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 Photoexcitation studies were carried out in the solid state for MCOPV-13, 

MCOPV-7 and MCOPV-13-Per-x. Figure 5.15 (a) compares the normalized absorption 

spectra of thin films of the polymers (0.1 OD at 394 nm) spin-coated from chloroform. The 

absorption spectra in the solid state, especially for the PBI region was broad and the ratios of 

peak intensities were different compared to that in solution indicating aggregation tendency.13 

The absorption band of donor‒acceptor polymers covered the range from 300-650 nm, 

suggesting good prospects for complementary solar light harvesting in heterojunctions.53 The 

result of photoluminescence (PL) quenching experiments are shown in figure 5.15 (b). The 

donor polymer, MCOPV-13 was highly fluorescent even in the solid state. Incorporation of 

PBI into the donor polymer backbone resulted in ~ 100 % quenching of donor emission by 

monitoring the PL emission from OPV unit. Energy transfer is excluded from the mechanism 

of the OPV luminescence quenching in donor‒acceptor polymer because the characteristic 

emission of PBI was not observed when the MCOPV-13-Per-x polymers were excited at 394 

nm. The observed quenching of photoluminescence that occured in MCOPV-13-Per-x could 

be attributed to photoinduced electron-transfer between donor (OPV unit) to acceptor (PBI 

unit). Extensive prior studies of donor poly(p-phenylene vinylene) (PPV) and acceptor C60 

and other fullerene derivatives in blends have clearly established that ultrafast photoinduced 

electron-transfer from excited PPV to fullerene molecule accounts for PL emission quenching 

in the combined material.11, 54, 55  

  

 

 

 

 

 

 

Figure 5.15. Normalized (a) absorption spectra of polymers in film spin-coated from 

chloroform and (b) emission spectra of polymers in film spin-coated from chloroform [0.1 

OD at 394 nm, λex = 394 nm]. Inset shows the quenched emission. 
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 When the PBI unit of MCOPV-13-Per-7 were selectively excited at 490 nm, the 

PBI emission in the polymer was ~ 100 % quenched compared to that of acceptor alone 

polymer MCPer-7 indicating a very efficient deactivation of its singlet excited state by 

charge separation (figure 5.16). 

550 600 650 700 750 800 850
0

1x105

2x105

3x105

4x105

5x105

6x105

7x105
PL

 In
te

ns
ity

Wavelength (nm)

 MCPer-7
 MCOPV-13-Per-7

 

Figure 5.16. Emission spectra of MCPer-7 and MCOPV-13-Per-7 spin-coated from 

chloroform [0.1 OD at 490 nm, λex = 490 nm]. 

 The difference in emission properties of MCOPV-13-Per-x in solution and solid 

state was explained by the conformation of polymers. Figure 5.17 shows the schematic 

representation of the probable packing of the OPV and PBI units in the solution and solid 

state. In solution state, OPV and PBI units are far apart than in solid state and face-to-face 

orientation of OPV and PBI chromophores are not efficient to cause electron transfer from 

donor to the acceptor. The electron transfer from D to A in film state may be due to the face-

to-face orientation of OPV and PBI moiety. The thin film X-ray diffraction data in figure 5.5 

also supported - stacking interactions, which was indicated by the increased intensity of 

the diffraction at 3.57 Å with increased incorporation of PBI. The driving force for such 

orientations is the π-stacking in combination with electrostatic or weak charge-transfer 

interaction.56 
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Figure 5.17. Schematic representation of packing of donor (OPV) and acceptor (PBI) units 

in the solution and solid state highlighting the energy and electron transfer processes.  

5.4. Conclusion 
Random copolyesters of PCCD incorporating oligo(p-phenylenevinylene) (OPV) as 

donor (D) and perylenebisimide (PBI) as acceptor (A) were successfully synthesized by melt 

polycondensation.  All the polyesters were characterized by 1H NMR, SEC, viscosity, TGA, 

DSC and WXRD analyses. In solution state, the selective excitation of the OPV chromophore 

led to the energy transfer efficiency of > 90% from OPV to the PBI moiety and the energy 

transfer efficiency increased with increasing mol % incorporation of PBI in the copolyester. 

The efficiency of energy transfer from OPV to PBI moiety was four times more in 

donor/acceptor copolyester blend than in the physical mixture of donor and acceptor alone 

polymer  after selective excitation of donor chromophore gives the direct proof for the ester 

exchange reaction in polyester/polyester reactive blending. The donor polymer, MCOPV-13 

was highly fluorescent even in solid state. Incorporation of ~ 4 mol % of PBI as in MCOPV-

13-Per-4 resulted in ~ 100% quenching of donor emission. The observed quenching of 

photoluminescence of OPV chromophore in the thin films was assigned to photoinduced 

electron transfer between donor (OPV unit) to the acceptor (PBI unit). The difference in 

emission properties of D-A polyesters in solution and solid state was explained by the 

conformation of polymers. The photoluminescence and the wide angle X-ray scattering in 

film revealed better packing of chromophore in the polyester backbone. The HOMO and 

LUMO values of polymers were calculated using cyclic voltammetry and these energy values 

fulfil the energetic condition required for the electron transfer in solid state from donor to the 

acceptor. 
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Chapter 6 

Summary and Conclusions 

The thesis entitled ‘Solution-Processable Random Copolyesters containing 

Perylenebisimide and Oligo(p-phenylenevinylene) by Reactive Blending’ deals with the 

design and development of new solution processable random copolyesters based on 

perylenebisimide and oligo(p-phenylenevinylene). These chromophores were incorporated 

into the backbone of commercially available polyesters using transesterification and thereby 

combined the electronic and optical properties of semiconductors with the attractive 

processing advantages of polyesters. The ability to combine existing polymers into new 

compositions offers the advantage of reduced research and development expense compared to 

the development of new monomers and polymers to yield a similar property profile. 

A successful strategy for the incorporation of fluorescent chromophores like 

perylenebisimide (PBI) and oligo(p-phenylenevinylene) (OPV)  into the backbone of an 

engineering thermoplastic polyester [Poly(1,4-cyclohexylenedimethylene-1,4-

cyclohexanedicarboxylate)] (PCCD) has been demonstrated. The chemical incorporation of 

these chromophores into the polyester backbone was proved by carrying out the melt 

condensation of the polymers from the monomers 1,4-cyclohexanedimethanol (CHDM) and 

1,4-dimethylcyclohexane dicarboxylate (DMCD) with varying mole ratios of terminal 

hydroxyl functionalized PBI and OPV derivatives. The packing difference between the 

polymers synthesized by high-temperature solution-blending and melt polycondensation was 

reflected in their photophysical properties with the polymers developed via the solution 

blending approach showing less aggregation tendency compared to melt condensation 

polymers and higher fluorescence quantum yield for polymers of similar perylene 

incorporation. Polymers synthesized using solution blending approach possessed thin film 

processability require for device applications. 

A novel series of copolyesters incorporating varying mol ratios of an achiral oligo(p-

phenylenevinylene) (OPV) into the backbone of a chiral poly(ʟ-lactic acid) (PLLA) was 

synthesized by high temperature solution blending of PLLA with hydroxyl group 

functionalized OPV molecule (OPV-2-Diol). The chemical incorporation of OPV 

chromophore into the polyester backbone was proved by 1H NMR spectroscopy. The 
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differential scanning calorimetry (DSC), wide-angle X-ray diffraction (WXRD), absorption, 

emission and lifetime-decay studies showed that OPV chromophore was aggregated in the 

solid state. The right-handed helical self-assembly of the achiral OPV segments driven by the 

chiral PLLA segments in the solid state was proved by CD investigation and AFM analysis. 

This methodology provides opportunities for the design of a new class of hierarchical self-

assembled architectures based on organic π-conjugated materials and the manipulation of 

their optical properties. Nanofibers of random copolyester of PLLA incorporating OPV 

chromophore was constructed by electrospinning technique. Electrospun fibers of this 

polymer showed both blue and green emission upon excitation at different wavelengths. 

 

High molecular weight random copolyesters of PLLA and PCCD incorporating 

varying mol % of perylenebisimide (PBI) were successfully synthesized by high-temperature 

solution-blending. All the polyesters were characterized by 1H NMR, SEC, viscosity, TGA, 

DSC and WXRD analyses. The chemical incorporation of PBI chromophore in the backbone 

of the polyester was confirmed by SEC and DSC analysis. These polymers showed good 

solubility, film-forming properties and displayed strong red photoluminescence. The 

photophysical properties were studied using steady-state UV-vis absorption and fluorescence 

spectroscopy in solution as well as in solid state. All polymers were highly fluorescent in 

solution state. The solid state fluorescence quantum yield of the polymers decreased with 

increasing mol % incorporation of PBI units. Red fluorescent nanofibers of these polymers 

were successfully constructed by electrospinning technique. This approach was extended for 

the construction of the nanofibers of copolyester of PLLA and PCCD incorporating both 

OPV and PBI chromophore. Blue, green and red emission from this polymer was observed 

under fluorescence microscopy upon excitation at different wavelengths. These interesting 

emission properties make them potential candidates in various nanodevice applications 

including laser, waveguide and polarized emission.  

Towards the end, random copolyesters consisting of oligo(p-phenylenevinylene) 

(OPV) as donor (D) and perylenebisimide (PBI) as acceptor (A) were successfully 

synthesized by melt polycondensation.  All the polyesters were characterized by 1H NMR, 

SEC, viscosity, TGA, DSC and WXRD analyses. In solution state, the selective excitation of 

the OPV chromophore led to the energy transfer efficiency of > 90% from OPV to the PBI 

moiety and the energy transfer efficiency increased with increasing mol % incorporation of 

PBI in the copolyester. The efficiency of energy transfer from OPV to PBI moiety was four 



                                                                                                                         Chapter 6 

145 
 

times more in donor/acceptor copolyester blend than in the physical mixture of donor and 

acceptor alone polymer  after selective excitation of donor chromophore gives the direct 

proof for the ester exchange reaction in polyester/polyester reactive blending. The donor 

polymer, MCOPV-13 was highly fluorescent even in solid state. Incorporation of ~ 4 mol % 

of PBI as in MCOPV-13-Per-4 resulted in ~ 100 % quenching of donor emission. The 

observed quenching of photoluminescence of OPV chromophore in the thin films was 

assigned to photo-induced electron transfer from donor (OPV unit) to the acceptor (PBI unit). 

The difference in emission properties of D-A polyesters in solution and solid state was 

explained by the conformation of polymers. The photoluminescence and the wide angle X-

ray scattering in film revealed better packing of chromophore in the polyester backbone. The 

HOMO and LUMO values of polymers were calculated using cyclic voltammetry and these 

energy values fulfil the energetic condition required for the proposed electron transfer in solid 

state from donor to the acceptor. 

In short, this thesis work is focused on design and development of new solution 

processable semiconducting polymers based on perylenebisimide and oligo(p-

phenylenevinylene) for optoelectronic applications. The transesterification by high-

temperature solution-blending approach described here is easily adoptable for a wide range of 

suitably derivatised donor or acceptor molecules resulting in tunable photophysical properties 

with film forming ability.  The polymers developed in the thesis can be explored for various 

applications in optoelectronics.  
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