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Abstract

Dendrimer is a unique class of macromolecule, featured by regularly branched 3D 

structures having abundant functional surface groups. In this study, a family of 

phosphorus dendrimers of a series of generations has been synthesized and employed in 

form of composite fillers to modify properties of bulk Polylactide (PLA). Physical, 

thermal, and mechanical properties of the blends have been intensively studied and 

compared with neat PLA, accompanied by examining their rupture surfaces using 

scanning electron microscopy. It is claimed that both the G0.5 and G3 dendrimers are 

effective strengtheners by offering plasticizing as well as toughening effects to PLA, 

respectively. Besides, through a series of studies, an all-rounded understanding on the 

system can be realized.  

Organogel, a kind of supramolecular soft material, has attracted considerable attention 

over recent years due to its smart response to the external stimuli, both chemically and 

physically. This work describes new low molecular weight (LMW) gels with tunable 

fluorescent properties. Three LMW gelators containing pyrene and 

1,3,5-benzenetricarboxamide units were designed and synthesized with alkyl and gallic 

substituents; they were then utilized to study the features governing the self-assembly 

behavior of these chromophore-linked molecular systems. It is realized that these 

materials are able to form self-assembled three-dimensional fibrous network as well as 

sheetlike lamellar structures in the gel state. The assembly of pyrene moieties in the 

gelators is dominated by the aggregation of 1,3,5-benzenetricarboxamide and the length 

of the alkylidene spacers during the gelation process. The results revealed from XRD, 

FT-IR and fluorescent spectroscopy suggest that H-bonding, ��� stacking, and van der 

Waals interactions play an important role in the gelation process. Besides, it is found 

that stable gels can be formed under a wide range of organic solvents. Gathering 
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information obtained from the present study will wrap up a pack of valuable information 

for creating new advanced nanoscale materials.
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CChhaapptteerr  11    IInnttrroodduuccttiioonn  

1.1  Introduction 

The aim of this study is to develop new functional materials based on the abilities of 

dendrimers and supramolecular compounds. This chapter begins with the 

background of this research, in which the previous relevant studies are briefly 

reviewed. It is followed by discussing the objectives and the significance as well as 

values of this study. The final part is the overview of the methodology and 

organization of the thesis.  

1.2  Background of Research  

1.2.1  Dendrimer and Polylactide 

Dendrimers are belonging to a special class of macromolecules, featured by densely 

branched 3D structures having abundant functional surface groups.[1,2] They are 

superior to linear polymers in various properties such as architecture, structure, 

structural control, size, shape, crystallanity, hydrodynamic volume, and 

compatibility.[3] Since the first synthesis of a dendrimer in late 70’s, growing 

interests for them have been extended to their applications, especially in the fields of 

materials science and nanotechnologies.[4,5] 

 

Polylactide (PLA) has aroused increasing scientific and industrial interest, not only 

for biomedical applications but also for potential large-scale uses, such as in 

packaging as well as many consumer and engineering goods.[6-9] However, the 

inherent brittleness and low toughness hinder it to access to a wide array of 
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applications.[10,11] Although approaches such as copolymerization and blending have 

been adopted to address the problems, [12-14] a drastic sacrifice of strength and other 

performances were often induced in previous research. Recently, hyperbranched 

polymers were used to blend with bulk PLA forming a nanocomposite architecture to 

realize reinforced properties.[15-16] Rahul Bhardwaj and coworkers have modified 

PLA by in-situ cross-linking of functional hyperbranched polymer in the PLA 

matrix.[17] Other similar approaches based on the uses of hyperbranched poly(ester 

amide) and hydroxyl-ended hyperbranched polymers as the additives were also 

investigated and developed.[18] Such successes have brought about a new direction to 

moderate the properties of PLA with less side effects endowed. 

 

Although dendrimers and hyperbranched polymers share quite a number of 

similarities, dendrimers are naturally superior particularly in terms of size control, 

polydispersity, and perfection of globular shape, which can be of great benefits to a 

composite system.[1-3] Herein, our target is to establish a new composite system by 

introducing the “dendrimer” effect to bulk PLA. Heteroatomic dendrimers, 

particularly phosphorous dendrimers having one phosphorus atom at each branching 

point, possess even more interesting properties than the homoatom ones including 

high biocompatibility and biodegradability.[19-23] Combining these nanostuffs to 

improve physical-chemical performances of aliphatic polyesters like PLA would be a 

true opportunity. In this work, a comprehensive study on the effects of phosphorous-

containing dendrimers in a PLA composite system has been realized. 

 

1.2.2  Low Molecular Weight Gels 

The development of novel nanomaterials is one of the major challenges in material 

science in this century.[24] Self-assembly of low molecular weight functional 
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molecules into supramolecular structures is a powerful approach towards the 

development of new nanoscale materials and devices.[25-28] As a unique class of self-

assembled materials, low molecular weight (LMW) gels (organogels) organized in 

regular nanoarchitectures through specific noncovalent interactions including 

hydrogen bonds, hydrophobic interaction, π−π interactions, and van der Waals forces 

have recently received much attention.[29-33] Despite recent attempts to elucidate at 

the molecular level the prerequisites for successful gel formation, the course of 

aggregation, has not been clearly studied in the literature.[34] This remains a 

challenge to develop new gelators, particularly chromophore-linked molecular 

systems, which can be self-assembled and allow functionalization in an easily 

accessible manner. Such organic π-π conjugated systems, containing more than one 

interaction site, suggest that several competitive or cooperative interactions in a 

single system could help controlling the properties of gels, thus providing new 

opportunities to LWM materials.[35] 

 

Recently, self-assemblies of various 1,3,5-benzenetricarboxamide derivatives, which 

have a strong tendency to form helical columnar aggregates depending on threefold 

intermolecular hydrogen bonding of three amide groups and π−π stacking of the 

central phenyl group, have been extensively studied.[36-41] However, to date, no 

fluorescence properties in the self-assembled states of these materials has been 

reported. Since pyrene, known as a good fluorescence probe for molecular 

aggregation in polymer solutions, micelles, and proteins, possesses long lifetime and 

high fluorescence efficiency in nature, it is particularly chosen for investigating self-

assembly systems with distinctive fluorescent signals.[42-43] Herein, our goal is to 

develop new self-assembled LMW gels with tunable fluorescent properties, by 

incorporating pyrene into the 1,3,5-benzenetricarboxamide units. We employed the 

alkyl substituted 1,3,5-benzenetricarboxamide unit (1a, 1b), which was reported to 
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form columnar aggregates in solid and gel sates,[36-41] to study the features governing 

self-assembly behaviors of this chromophore-linked molecular system. For 

comparison, the gallic substituted benzenetricarboxamide (1c), which is unable to 

form columnar aggregate, was also used. The effects of the molecular structure 

changes of these organogelators on the gel properties were systematically studied. 

 

1.3  Objectives of Research  

In view of the above, this study sets out to different tasks in the hope of establishing 

more breadth and depth of understanding on each of the systems to be developed. 

The principle objectives of the study are summarized as follows: 

 

1) To synthesize the novel phosphorous dendrimers of different generations and 

new potential fluorescent LMW gelators. 

 

2) To integrate the dendritic agents into PLA by solvent mixing technique. 

 

3) To characterize the new compounds and materials by standard characterization 

techniques and industrial standards. 

 

4) To study the effects of the dendritic compounds on different aspects of the end-

composite materials. 

 

5) To determine the effects of generation (size) and type of peripheral end-groups of 

the dendritic compounds in the composite system. 

 

6) To assess the gelation abilities of the potential gelators and to study the 

morphology of the xerogels. 
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7) To investigate the fluorescent properties as well as intermolecular interactions of 

the LMW gels and to study the supramolecular structures formed in the gels. 

 

8) To work out the possible gelation mechanisms of the new gelators. 

 

1.4  Significance and Values of Research 

Over the past decade, the demand for biodegradable materials has been a rising 

precedence to both industries and consumers to reduce plastic waste management 

incurred by nonbiodegradable polymers/plastics and, ultimately, to protect our 

environment. PLA is high in strength and can be processed using most conventional 

method, but its inherent brittleness and low toughness pose considerable scientific 

challenges and hinder its accesses to a wide array of applications. 

 

It is the first study investigating a composite system combining phosphorus 

dendrimer with PLA. Phosphorous dendrimer is a special type of dendrimer among 

all the dendrimers available and has been well studied in the applications of 

modifying surface of materials, trapping of various substances, drug delivery, 

hydrogels, and catalysis. The successful outcomes in this study represent the boarder 

applications of this dendrimer. Besides, through a series of studies, good breadth and 

depth of understanding on the system can be realized. Such findings can help explain 

well the potential of dendrimers in a composite system, which has never been 

reported so far. 

 

Organogel, a kind of supramolecular soft materials, has attracted considerable 

attention over recent years due to its smart response to the stimulation of the 

chemical and physical microenvironments. In this study, intensive work has also 
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been extended to development of new functional soft materials through molecular 

self-assembly. The present study will provide new valuable information for the 

creating new advanced nanoscale materials. Furthermore, the special aggregation-

induced emission enhancement herein will help to design luminescent organic 

compounds and polymers with highly emissive aggregation states and overcome the 

quenching problems during the development of organic light emitting diodes. 

 

In summary, this research leads to new understanding and new know-how to the 

composite and supramolecular systems, which can make significant contributions to 

the advance of functional materials. 

1.5  Organization of Research  

The chapters of the dissertation are organized as follows, and the structure of this 

thesis is outlined in Figure 1.1. 

 

Chapter 1  Introduction: the current chapter. 

 

Chapter 2  Literature Review: an overview of the literature on the properties of 

biodegradable PLA is presented in this chapter, which illustrates that the inherent 

brittleness of PLA hinders its access to a wide array of applications. The unique 

properties of dendrimer and phosphorus dendrimer are then reviewed, and the 

necessity to broaden the applications area of phosphorous dendrimer is required. 

Following, this chapter presents the rationales for the selection of phosphorous 

dendrimer as polymer modifier to increase the mechanical properties of PLA. Then 

the research and literature relevant to a novel class of self-assembled materials, 

LMW gels are reviewed, which illustrate one of their main challenges is to engineer 

new functional LMW gel system. The molecular design of LMW gelators in this 
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research is also presented in this chapter.  

 

Chapter 3  Experimental Details: This chapter describes the research methods, 

materials and instruments for this study. The experimental part finally demonstrates 

the detailed synthesis approaches and data of phosphorous dendrimer and LMW 

gelators. 

 

Chapter 4  Effects of G3 Phosphorus Dendrimer on a Polylactide Composite System: 

This chapter begins with the synthesis of phosphorous dendrimers, and then 

demonstrates the investigations of G3 phosphorous dendrimer/PLA blends, which 

contains the dynamic rheological properties, mechanical properties and toughness 

measurement and thermal properties measurement. The structure-properties 

relationship between the third generation phosphorous dendrimer and 

dendrimer/PLA blends were discussed and the reasons for the toughness effect were 

also explained, in the hope of shedding some light on the future research related to 

the mechanical properties of polymer.  

 

Chapter 5  Effects of Generation and Type of End Groups on the Properties of 

Dendrimer/PLA Composite Materials: In this chapter, four kinds of phosphorous 

dendrimers varied in generations and end groups were employed to blend with PLA. 

Melt viscosity measurements were performed using a rheometer to investigate the 

viscosity change in the blend systems. Mechanical properties were measured 

according to ASTM method. Morphology of each blend sample was examined by 

SEM, and thermal properties were studied by DSC and DMA.   

 

Chapter 6  Fluorescent Gelators Derived from 1,3,5-Benzenetricarboxamide: 

Synthesis, and Gel Preparation: This chapter begins with the synthesis of LMW 
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gelators 1a, 1b and 1c, and then presents a holistic investigation of nature of the 

novel fluorescent LMW gels. Their gelation and properties were examined. Gelation 

abilities were assessed in a variety of the most commonly used organic solvent. DSC 

was employed to study the sol-gel transition.  

 

Chapter 7  Self-assembly Morphorgies, Characterizations, Fluorescent Properties and 

Gelation Mechanisms of Fluorescent Organoel Derived from 1,3,5-

benzenetricarboxamide: This chapter begins with the investigation of  morphorgies, 

and then H-bonding interactions between gelators by FT-IR is presented. Fluorescent 

spectra were employed to measure fluorescent properties of gels. The self-assembly 

structures were studies by XRD, and finally, gelation mechanisms of 1a, 1b and 1c 

were also proposed. 

 

Chapter 8  Conclusion: This chapter presents a summary of the findings, significance 

and values, and recommendations for future study of this research,  
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Figure 1.1.  The structure of this thesis. 
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CChhaapptteerr  22    LLiitteerraattuurree  RReevviieeww  

2.1  Introduction 

The first part of this chapter begins with a review of research and the literature on 

dendrimers and phosphorus dendrimers as well as PLA. One of the main challenges 

for further advancing the family of phosphorous dendrimers is to broaden their 

application area. After that, the systhesis and general properties of biodegradable 

PLA as well as the efforts devoted to its modifications are reviewed. The inherent 

brittleness of PLA hinders its access to a wide array of applications, and the 

modification of PLA to improve the inferior mechanical properties is desired. In this 

research, we selected phosphorous dendrimer as the modifier to improve properties 

of PLA. The rationale for this selection is also presented. 

 

The second part of this chapter presents a review of research and literature with 

reference to a novel class of self-assembled materials, LMW gels. After a briefly 

overview of the basic knowledge of self-assembly, in which the main distinctive 

features and growth type of self-assembly are stated, and some definitions, properties, 

and applications of LMW gels are presented. Finally, the molecular design for the 

new gelators synthesized in this project is briefly discussed.  

 

2.2 Dendrimer and PLA 

2.2.1  Dendrimer 

Because of the repeatedly branched, monodisperse and usually highly symmetric 

characteristics, dendrimers have attracted increasing attentions in decades. All these 



- 11 - 

properties have driven dendrimers to be suitable additives for composite 

applications.[1-6]  

 

The dendritic architecture is perhaps one of the most pervasive topologies observed 

in both abiotic systems (e.g. lightning patterns, snow crystals) and biological world 

(e.g. tree branching/roots, plant/animal vasculatory systems, neurons).[4] Dendritic 

macromolecules are characterized by several interesting features, such as a large 

number of functional end groups, a quasi-globular three-dimensional structure, and 

low melt and solution viscosities.[1,2] Furthermore, their dendritic architectures have 

been widely recognized as the fourth major class of macromolecular architecture. 

Figure 2.1 shows the representation of four major classes of macromolecular 

architectures. 

 

 
Figure 2.1.  Four major classes of macromolecular architectures.[7] 

 

The properties of dendrimer will be reviewed in the following sections in order to 

have a better understanding on the dendrimer/PLA blend systems. Dendrimers, 

which are symmetrical, layered with a large number of repeating units in their 

structures, have received increasing interest since the first reported system [88, 7] in 

1978. 
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2.2.1.1  Dendrimer Synthesise 

One limited aspect for dendrimers is their time-consuming synthesis. Great efforts 

have been devoted to improving the methodologies for the accelerated construction 

of dendrimer in response to the need for shorter syntheses. A great number of 

methods for assembling these components have been reported, and they can be 

broadly categorized as either “divergent” or “convergent” strategies, which were 

demonstrated in Figure 2.2.  

 

 

Figure 2.2.  Divergent versus convergent strategy.[7]  

 

2.2.1.2  Structures of Dendrimers 

There are three zones in a dendrimer: a multi-functional core at the center 

(dendrimer), various well-defined, radial-symmetrical layers of repeating units (also 

called generations), and the surface end groups, which are termed peripheral or 

terminal groups (Figure 2.3). 
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Figure 2.3. Structure of dendrimer. 

 

Lower generation dendrimers are generally open, floppy structures, whereas higher 

generations become robust, less deformable spheroids, ellipsoids or cylinders 

depending on the shape and directionality of the core. Dendrimers undergo 

“congestion induced” molecular shape changes form flat, floppy conformations to 

robust spheroids as first predicted by Goddard.[8] Shape change transitions were 

subsequently confirmed by extensive photophysical measurement, pioneered by 

Turro [8-12] and solvatochromic measurements by Hawker. [13] 

 

Figure 2.4.  Dendrimers and the effect of molecular growth.[7]  
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The effects of architecture on macromolecules have been recognized. Fréchet and 

co-workers determined the influence of shape on the reactivity and physical 

properties of a series of comparable macromolecules including a dendrimer and a 

random hyperbranched polymer. [14] 

 

2.2.1.3  Properties of Dendrimers 

Dendrimers are monodispersed macromolecules, unlike linear polymers. Linear 

polymers prepared by the classical polymerization process are usually random in 

nature and produces molecules of different sizes, whereas size and molecular mass 

of dendrimers can be specifically controlled during synthesis. Table 2.1 demonstrates 

the comparison of properties for linear and dendrimer polymer. 

 

Table 2.1.  Comparison of properties for linear and dendrimer polymer [14].  

Linear Dendrimer 

Random coil configurations Predictable shape changes as a function of 
Mw, and core roust spheroids, breathing 

deformability 
Semicrystalline/crystalline materials 

higher glass temperatures 
Non-crystalline, amorphous materials lower 

glass temperatures 

Lower solubility decreases with Mwt Increased solubility increases with Mwt 
Intrinsic viscosity follows 

logarithmic increase with Mwt 
Exhibits viscosity maximum and minimum 

plateau with Mwt low viscosities 
Entanglement directed rheological 

properties shear sensitivity 
Newtonian type rheology no shear 

sensitivity, considerably lower viscosity 
Mobility by reptation 

Segmental and molecular mobility 
Mobility involving whole dendrimer as the 

kinetic flow unit virtually no reptation 

Anisotropic electronic conductivity Isotropic electronic conductivity 
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2.2.1.4  Application of Dendrimers 

Dendrimers which consist of three essentially different building blocks: 1) the 

multifunctional surface, 2) branching, and 3) the core. This makes dendrimer have 

widespread applications in the area of material science as well as in biology.[15.16]  

 

One of the major themes in biological and material systems is the noncovalent 

assembly of large structures from smaller component. Self-assembly is usually rapid, 

requires minimal energy for synthesis, and guarantees reproducible construction of 

complex products with high fidelity.[16] Structural control in the case of dendrimers 

makes them ideal as building blocks for the self-assembly of large structures from 

smaller subunits. Self-assembling dendrimers can be constructed by utilizing non-

directional forces (dendritic amphiles), self-organization in liquid-crystalline phase, 

π-π stacking and intermolecular hydrogen-bonding interactions. 
 

Dendrimers can be used as delivery agents to protect or deliver drugs to specific sites 

in the body or as time-release vehicles for biologically active agents. 5-Fluorouracil 

(5FU) is known to have remarkable antitumor activity, but it possesses high toxic 

side effects. In order to reduce these side effects, PAMAM dendrimers are 

conjugated with 5FU via acetylation. [17] Since PAMAMs are water soluble, 

dendrimer-5FU can be hydrolyzed to slowly release free 5FU, which reduces 5FU 

toxicity. Such dendrimers seem to be potentially useful carriers for antitumor drugs. 

 

Besides biomedical applications dendrimers can be used to improve many industrial 

processes. The combination of high surface area and high solubility makes 

dendrimers useful as nanoscale catalysts.[18,19] Therefore, they can be used as 

homogenous and heterogeneous catalysts. Since there are multifunctional surface, 

catalytic sites of dendrimers can always be exposed in the reaction mixture. They can 
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be recovered from the reaction mixture easily by ultrafiltration. The first example of 

a catalytic dendrimer was described by van Koten and co-workers.[19,20] 

Diaminoarylnickel (II) complexes were terminated with soluble poly(carbosilane) 

dendrimer was used in addition reactions of polyhaloalkanes.  

 

Another application of dendrimers is the use in environment friendly industries. 

Dendrimers can be used to encapsulate and deliver insoluble materials, such as 

metals.[18] 

 

2.2.1.5  Phosphorus Dendrimers   

The most widely used types of dendrimers are organic dendrimers[21,22], but 

heteroatom dendrimers[23] and more precisely phosphorus dendrimers[24] having one 

phosphorus atom at each branching point possess many interesting properties.[25] 
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Figure 2.5.  Schematic drawing of the various dendrimeric structures having 

phosphorus at each branching point. [36] 

 

The synthetic aspects were the main challenges at the beginning due to the necessity 

to find totally quantitative reactions for the elaboration of dendrimers. All the 

phosphorus dendrimers contained in this report were reported by Jean-Pierre Majoral 
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and co-workers. This kind of phosphorus dendrimer up to fourth generation was first 

reported in 1994.[26] In order to obtain dendrimers having diversified topologies 

shown in Figure 2.5, various methods of synthesis and reactivity at surface [27], 

within the branches [28–34] or at the core [35] were reported by Jean-Pierre Majoral’s 

group (Figure 2.5). 

 

One of the most important properties to be studied in view of using a compound for 

applicative purposes concerns its thermal stability. It was found that the thermal 

stability of dendrimers was mainly depended on the surface groups, which varies 

from 225oC for pyridinium end-groups, to 376oC for ferrocene end-groups.[37] The 

dendrimers also show a complex glass transition temperature with generation 

dependence. According to Jean-Pierre Majoral’s report,[38] the phosphorus dendrimer 

is a kind of macromolecule with high dipole moment because these dendrimers 

possess lots of P=S group.  

 

After pioneering works concerning syntheses, interest in dendrimers is now mainly 

driven by applications in various fields such as chemistry, biology, physics, materials 

science and nanotechnologies.[39,40] Some researches focused on the application, such 

as modifying the surface of materials, trapping of various substances within the 

dendrimer hydrogels, hydrogels, catalysis were reported.[41-45] However, the 

application of phosphorus dendrimers is still relatively limited compared to the large 

variety of phosphorus dendrimers obtained.  

 

A main challenge for the phosphorus dendrimers is to build up new application 

systems which can well utilize their properties.    

 



- 19 - 

2.2.2  PLA  

Recently, the use of biodegradable polymers has been increasingly demanded to 

reduce plastic waste management incurred by nonbiodegradable polymers/plastics in 

many fields and, ultimately, to protect our living environment. Aliphatic 

thermoplastic polyesters, particularly Poly (lactic acid) or poly (lactide) (PLA), are 

the most promising candidates in this direction.[46-48] PLA is linear aliphatic 

thermoplastic polyester, produced from renewable sources with excellent properties 

comparable to many petroleum-based plastics and readily biodegradable.[46-53] 

 

2.2.2.1  Preparation of PLA 

PLA can be prepared using direct condensation method, but higher purity lactic acid 

and longer time should be required.[54] Since each polymerization reaction generates 

one molecule of water, the presence of which degrades the forming polymer chain to 

the point that only very low molecular weights are observed. Therefore, a useful 

PLA product can not be obtained in this way. The preferred route of preparation of 

high-molecular-weight PLA is the bulk polymerization of lactide in the presence of a 

suitable catalyst. A preferred initiator is Sn-oct which was accepted by FDA as a 

food additive.[55-58] This mechanism does not generate additional water, and hence, a 

wide range of molecular weights polymers are accessible. Lactide is a cyclic dimmer 

prepared by heating lactic acid in the presence of an acid catalyst, while lactic acid in 

turn is obtained from the fermentation of sugar feedstocks, corn, etc. [59.60] 

 

There are three common types of polylactide: poly(L-lactide) (PLLA), poly(D-

lactide) (PDLA), and poly(LD-lactide) (PLDA). PLLA and PDLA are made from 

optical pure L-lactide and D-lactide, respectively. Polymerization of a racemic 
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mixture of L- and D-lactides usually leads to the synthesis of poly-DL-lactide 

(PDLLA) which is amorphous [61,62]. 

 

2.2.2.2  Degradation of PLA 

The environmental degradation of PLA occurs by a two step process [63]. During the 

first process, hydrolysis of high molecular PLA chains into oligomers reaction takes 

place, which can be accelerated by acids or bases and is affected by both temperature 

and moisture levels. When the Mn decreases to less than about 40,000, embrittlement 

of the plastic occurs during this step at a point where the Mn decreases to less than 

about 40,000. At about this same Mn, microorganisms in the environment continue 

the degradation process by converting these lower molecular weight components to 

carbon dioxide, water, and humus [64]. 

 

2.2.2.3  Properties of PLA 

PLA has good, thermal plasticity and biocompatibility, and is readily fabricated. In 

this research, we mainly focused on the following properties below:  

 

Thermal properties  

Due to the chiral nature of lactic acid, several distinct forms of polylactide exist, 

many important properties of which are controlled by the ratio of D to L enantiomers 

used. PLLA has a crystallinity of around 43%, a glass transition temperature between 

50-80 °C and a melting temperature between 180-200 °C [66,65] A higher melting 

stereocomplex of a 1:1 mixture of poly(L-lactide) and poly(D-lactide) is also 

known.[67,68] The maximum practically obtainable melting point of stereochemically 
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pure poly(lactide) (either L or D) is around 180 oC with an enthalpy of melting of 40-

50 J/g. Introduction of stereochemical defects into poly(L-lactide) (i.e., mesolactide 

or D-lactide incorporation) reduces the melting point, rate of crystallization, and 

extent of crystallization of the resulting polymer but has little effect on the glass 

transition temperature. After roughly 15% incorporation of mesolactide, the resulting 

polymer is no longer crystallizable (i.e., amorphous). Similar behavior is observed 

when D-lactide is copolymerized with L-lactide.  

 

Rheological properties of PLA 

The rheological characteristics of PLA make it well suited for sheet extrusion, film 

blowing, and fiber spinning but only marginally acceptable for some other types of 

fabrication. As one of typical of aliphatic polyesters, the melt viscosity of PLA is not 

very shear-sensitive and the melt has relatively poor strength. To enhance the 

rheological properties of PLA for operations, improvement of shear sensitivity 

and/or melt strength are highly desirable.[69-80] 

 

Mechanical properties of PLA 

The mechanical properties such as tensile strength and elongation of PLA are 

influenced by molecular weight.[81] From a physical property standpoint, PLA is 

often loosely compared to polystyrene. Although this comparison is not rigorously 

correct, the two resins do have some similarities. Like polystyrene, standard-grade 

PLA has high modulus and strength, and is lacking in toughness.[82-91] PLA is an 

example of semicrystalline glassy polymer and undergoes brittle deformation via 

craze formation.[93]  
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2.2.2.4  Application of PLA 

Stereocomplex blends of PDLA and PLLA have a wide range of applications, such 

as woven shirts (ironability), microwavable trays, hot-fill applications and even 

engineering plastics (in this case, the stereocomplex is blended with a rubber-like 

polymer such as ABS). Such blends also have good form-stability and visual 

transparency, making them useful for low-end packaging applications. Progress in 

bio-technology has resulted in the development of commercial production of the D- 

enantiomer form, something that was not possible until recently. 

 

PLA is currently used in a number of biomedical applications, such as sutures, stents, 

dialysis media and drug delivery devices. It is also being evaluated as a material for 

tissue engineering. Because of its biodegradablity, PLA can also be employed in the 

preparation of bioplastic, useful for producing loose-fill packaging, compost bags, 

food packaging, and disposable tableware. In the form of fibers and non-woven 

textiles, PLA also has many potential uses, for example as upholstery, disposable 

garments, awnings, feminine hygiene products, and nappies. 

 

PLA has been used as the hydrophobic block of amphiphilic synthetic block 

copolymers used to form the vesicle membrane of polymersomes. PLA has also been 

developed in the United Kingdom to serve as sandwich packaging, and has also been 

used in France to serve as the binder in Isonat Nat’isol, a hemp fiber building 

insulation.[93-104] 

 

2.2.2.5  Research of PLA Modification  

Although PLA has been intensively studied and widely put in to use in many fields, 
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such as biomedical materials,[105,106] because of its high biocompatibility and good 

biodegradability in the human body as well as in the earth’s environment, the 

application scope of PLA is still limited due to the inherent brittleness and low 

toughness.[107] In order to improve its mechanical properties, several approaches 

including copolymerization and blending have been reported.[108-112] Compared with 

copolymer, blending is a simpler and more economic way synthesis, and much 

attention has been focused on the blends of PLA with various polymers. 

 

Blending with Polyesters 

Blends of PLLA with aliphatic polyesters or copolyesters have been well 

documented. These polyesters include PDLLA,[113-118] poly (e-caprolactone) (PCL), 

poly (L-lactide-co-e-caprolactone),[119,120] poly- (lactide-co-glycolide),[121,122] and 

bacterial polyesters such as poly(3-hydroxybutyrate) (PHB) [123] and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV).[124] However, the desired properties 

were often not obtained due to their thermodynamically immiscibility and phase 

segregation, when relatively high molecular weight polymers were blended with 

PLA. Even though the toughness increases, a drastic sacrifice of processability and 

tensile strength would be induced. 

 

Blending With Low Molecular Weight Compounds 

Low molecular weight compounds have also been blended with PLA. Some of 

compounds, for example: oligomeric lactic acid, glycerol [125], triacetine [126,127] and 

low molecular weight citrates [128], are used as potential plasticizers, which can 

drastically lower the Tg of PLA. However, plasticizers have a strong tendency to 

migragate to the surface, which would cause embrittlement in long-term use of the 
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composite materials, even though homogeneous and flexible materials were created 

in this way. Furthermore, too low Tg may affect the processing and molding of final 

products. 

 

Blending With Hyperbranched Polymers 

Recently, hyperbranched polymers were used to blend with PLA.[129-131] 

Hyperbranched polymers (HBP) are the emerging additives in the midst of polymers 

having conventional molecular architecture such as linear, branched, and cross-

linked.[132-138] Being in the category of dendritic polymers, HBPs are gaining 

attention because of their unique structures and properties. Hyperbranched polymers 

encompass highly branched nanoscopic structure and have high peripheral 

functionalities. They are polydisperse and can be prepared in a one-pot synthesis. 

Rahul Bhardwaj [139] modified brittle polylactide by using a new hydroxyl functional 

hyperbranched polymer to in-situ cross-link with polyanhydride in PLA matrix. Ying 

Lin [140] and co-workers found that hyperbranched Poly (ester amide) was an 

effective PLA modifier to improve the mechanical properties. The Formation of 

suitable size of hyperbranched polymer particles and their networked interface with 

PLA are responsible for the toughness effects. However, being polydisperse, these 

types of polymers are not suitable to study chemical phenomena, which generally 

require a well-defined chemical motif enabling the scientist to analyze the chemical 

events taking place.[132]  

 

2.2.3  Rationales for Research of Phosphorus Dendrimer 

/PLA Systems in This Study  
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The above part of this chapter has reviewed the previous studies on PLA, dendrimer, 

and phosphorus dendrimers. PLA demonstrates excellent properties such as good 

thermal plasticity, biocompatibility, and fabricability, but holds inferior mechanical 

properties to biostable polymers. Dendrimers inclusing phosphorus dendrimers 

present unique properties including 3D dendritic structures, controllable molecular 

size via different generation, heteroatom branching units as well as high thermal 

stability.  

 

This study employed phosphorus dendrimer as modifier to improve the mechanic 

properties of PLA through a blending approach. In order to fully demonstrate the 

potential of phosphorous dendrimer as the modifier, the micromechanisms of 

deformation and fracture are briefly reviewed as below:  

 

2.2.3.1  Micromechanisms of Deformation and Fracture 

Mechanical properties of a polymer can be controlled by the incorporation of well-

defined modifier particles in the polymer matrix. Improved toughness of polymer 

blends without significantly impairing other desirable engineering properties may 

become a decisive factor of material selection for many structural applications.[143,144]  

 

To produce polymers with improved toughness, it is extremely helpful to understand 

the structure-property relationship, which can be deduced from the 

micromechanisms of deformation and fracture. In heterogeneously modified polymer 

systems two major toughening mechanisms are generally accepted, crazing and shear 

yielding. In most rubber-toughened glassy polymers, such as high impact 

polystyrene (HIPS) and acrylonitrile-butadiene-styrene (ABS),[145,146] the toughening 

mechanism has been interpreted in terms of multiple crazing, while in the impact 
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modified polyamide (PA) and polypropylene (PP) the main source of toughness is 

shear yielding of the matrix.[147-149] 

 

A considerable amount of experimental the presence of rubber cavitations and the 

sequence of cavitation-shear yielding have been reported.[150-154] It has been found 

that the different phase structures of various modifer particles lead to different 

micromechanical deformation processes. Additionally, microvoid formation is the 

operating mechanism for the initiation of plastic deformation. This microvoid 

formation can be caused either by cavitation in the stretched rubbery shell (core-shell 

particles), inside particles (pure rubber particles) or by debonding at the interface 

between particle and matrix. The contribution of cooperative microvoid formation is 

minor in terms of enhanced toughness, but this process plays an important role in 

initiating the toughening mechanism, which facilitates energy absorption by shear 

yielding of matrix during the deformation.  

 

2.2.3.2  Model Representation for Micromechanical Deformation Processes 

Toughness implies energy absorption and can be achieved through addition of a 

second phase in the form of particles [155]. The phase-separated particles, especially 

after the cavitation process, induce large stress concentrations which lead to 

extensive shear deformation, a high-energy-absorbing mechanism. The toughening 

effect of particles depends on their size, distribution, and particle/matrix interactions. 

The results of the in situ electron microscopic investigation of micromechanical 

deformation processes in various toughened and particle filled semicrystalline have 

been described as a three-stage-mechanism. [158,159] 

 

Stage 1: stress concentration. The modifier particles act as stress concentrators, 
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because they have different elastic properties from the matrix. The stress 

concentration leads to the development of a triaxial stress in the rubber particles and 

to dilatation.  

 

Stage 2: void and shear band formation. Due to the stress concentration, a higher 

hydrostatic or triaxial stress builds up inside particles and gives rise to void 

formation through cavitation inside particles or debonding at the particle matrix 

interface. With continuous growth of voids, simultaneously, weak shear bands are 

formed in the matrix between the voids under an angle of about 45o  

 

Stage 3: induced shear yielding. Once the voids caused by cavitation or debonding 

have occurred, the triaxial tension can be locally released in the surrounding of voids 

corresponding to an increase in the shear component. Thereby the yield strength is 

lowered. As a consequence, the further shear yielding is greatly induced in the matrix.   

 

When a certain phase adhesion between the modifier particle and the matrix exists, 

deformation occurs through a debonding process with fibrillation at the interface 

between modifier particles and matrix. The fibrillized debonding process at the 

interface is schematically shown in Figure 2.6. In the first stage stress concentration 

occurs around the particles. The modifier particles will be slightly stretched due to 

the stress concentration. Due to the existence of a certain amount of phase adhesion, 

fibrils form at the interface between modifier particles and matrix and 

simultaneously shear bands form in the matrix. With increasing the strain of the 

specimen the fibrils break down at the polar regions of particles (i.e. at places in 

parallel direction of external stress), only a few fibrils remain in the area of equator 

regions of particles. In the third stage, the further shear flow of matrix is 

considerably enhanced. 
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Figure 2.6.  Fibrillized debonding process at the interface.[155]  

 

2.2.3.3  Potentials for Phosphorus Dendrimer as PLA Modifier 

The toughening effect of particles depends on their size, distribution, and 

particle/matrix interactions.[156] The Toughening system presented involves the 

control of phase separation, particle sizes, properties and distribution. Phosphorus 

dendrimers have high potential as a polymer modifier to improve the mechanical 
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properties of PLA viewed from the following aspects: 

 

1) Due to its unique three-dimensional dendritic structure and the heteroatom 

repeated branching units, phosphorus dendrimer can result in different dispersion 

phase size and stereo hindrance from the linear polymer.  

 

2) Because of the controllable molecular size via different generation, particles size 

can be tuned through molecular weight.   

 

3) The abundance tunable end groups attached to the dendrimer could have suitable 

interaction with PLA, presumably via dipole-dipole interaction.  

 

4) Good solubility including the seventh generation dendrimer in a variety of solvent 

(THF, DCM) and high thermal stability [157-159] of phosphorus dendrimer facilities the 

sampling preparation process.  

 

Therefore, various generations phosphorus dendrimer with different end groups were 

employed to improve the mechanical properties of PLA via blending, which is more 

economic and simpler way compared with the copolymer synthesis. 

 

Remarkable improvement in the mechanical properties of PLA was achieved without 

sacrifice its other properties. Detailed findings and discussions will be presented in 

later chapters. In the next part of this chapter, a review of research and literature on 

self-assembly and low molecular gels is presented.  

 

2.3  Low Molecular Weight Gel 
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As a novel class of self-assembled materials, low molecular weight gels (organogels), 

which organized in regular nanoarchitectures, have recently received considerable 

attention. Thousands of articles concerning this topic have been published especially 

in decade, and the pace of discovery shows no signs of slowing.[158] Before the 

literature review of low molecular gel, it might be necessary to demonstrate some 

basic knowledge of self-assembly.  

 

2.3.1  Self-assembly 

Recently, self-assembly has increasingly become a focus of material research 

because it enables the rapid formation of nanosized, complex architectures, adopting 

stale and compact conformations, despite their noncovalent, reversible nature. [160-166]  

 

2.3.1.1  Features of Self-assembly 

In this self-assembly process, molecular units spontaneously and reversibly 

organized into order structures by non-covlanent interactions. At least three main 

distinctive features outline the self-assembly process. 1) Order. The self-assembled 

structure have a higher order than the isolated components, be it a shape or a 

particular task that the self-assembled entity may perform. 2) Interactions. Weak 

interactions (e.g. Van der Waals, capillary, π − π, hydrogen bonds) rather than 

covalent bonds are mainly responsible for this process. 3) Building blocks. The 

building blocks of self-assembly includes not only atoms and molecules but also a 

wide range of nano- and mesoscopic structures, with different chemical 

compositions, shapes and functionalities.[167] 
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2.3.1.2  Growth Types of Self-assembly 

There are many growth structure types of self-assembly. The most common types are 

probably linear and helical self-assembly, which were well documented.  

 

Liner Self-assembly: Liner self-assembly (i.e., the self-assembly of monomeric 

units into polymer-like chains) in which these monomeric are connected to each 

other by physical, reversible bonds.[168-175] 

 

 
Figure 2.7.  (a) Cartoon representation of the vancomycine (Van)-pyrene monomer 

(1). (b) proposed polymer of Van-pyrene; two vancomycine subunits can be linked 

by multiple H-bonds (----) and two pyrene subunits (P) by π−π stacking.[176] 

 

An interesting example was developed by Xu and coworkers [177] who designed a 

functionalized porphyrin system which designed a new hydrogelator (1) by 

introducing a pyrene group on the C-terminal of the backbone of Vane (Figure 2.7). 

The resulting molecule was found to gelate water at around 0.36 wt% (2.02 mM) at 

ambient temperature. Rapid evidence of the polymerization is given by the “pyrene 

static excimer” fluorescence observation (λmax: 460 nm) 

 

Helical assembly: Generally, helical assemblies are typically more rigid (i.e., has a 

larger radius of gyration) than non-helical ones, and that the helical transition is 

accompanied by a strong increase in the mean aggregate size and ultimately, when 
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sufficiently long, entanglements. 

 

      
Figure 2.8.  (a, c) a cartoon of the proposed assembly motif based on a crystal 

structure. (b)Trimesic amides.[160-163] 

 

Several research have reported on the self-assembly of discotic tricarboxamides into 

helical columnar aggregates [178-180]. Compound 2 and 3 (Figure 2.8) was found to 

gelate liquids such as n-alkanes, aromatics, halogenated solvents [181], and the helical 

columnar structure is proved by CD.  

 

       

Figure 2.9.  Chiral C3-symmetrical discotics and a cartoon representing its helical 

supramolecular stacking [182-185]. 

 

Another interesting example in Figure 2.9 illustrates that the disk-shaped molecules 

display a transition between linear aggregates and helical aggregates when 
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temperature is changed. Upon lowering the temperature, the bound monomers 

decrease their configuratoinal entropy further by taking on a helical conformation. 

This increases the binding enthalpy due to increased proximity between the 

monomers.[182-185]  

 

2.3.2  Definition of Low Molecular Gel 

A very useful gel definition for the determination of what is and what is not a gel in 

experimental observation by Dr. Dorothy Jordon Floyd is that a gel built from a 

liquid and a solid (gelator) had the mechanical properties of a solid and could 

maintain its form under the stress of its own weight.[186] In this definition, two 

operational criteria have been expressed to identify gel phases: they must appear 

solidlike with low elasticity and, above a finite yield stress, be deformed 

mechanically; they must possess a continuous structure throughout their microscopic 

dimensions (i.e., a degree of structural permanency that is continuously manifested). 

A practical consequence of these is that the gelator molecules must interact to 

provide a colloidal network for encapsulation of microregions of the fluid 

component. 

 

A more sophisticated definition offered by Pierre Terech [187] is that molecular gels 

are thermally-reversible viscoelastic liquidlike or solidlike materials comprised of an 

organic liquid and low concentrations of relatively low molecular mass molecules 

(i.e., gelators). In molecular gels, supramolecular aggregation and the corresponding 

3-dimensional network formation usually occur when a solution or sol of low 

concentration of gelataor molecules in appropriate liquid is cooled below its 

characteristic gelation temperature (Tg).  
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In this super-saturated concentration regime, microscopic phase separation occurs, 

rather than the macroscopic phase separation common to crystallization processes 

(where a bulk sold and liquid are visible to the naked eye). Colloidal aggregates (i.e. 

whose typical dimensions fall between 20 and 2000 À) in the gel are linked in 

complex, three-dimensional networks that immobilize the liquid component to a 

variable extent by surface tension.[187]  

 

The main driving forces for the aggregation are mainly noncovalent interactions such 

as π−π stacking, solvophobic effects, hydrogen bonding, organometallic 

coordination bonding, electron transfer, etc. between gelator molecules, with a 

strength function that depends on the intermolecular interaction energy.[187] 

 

Depending upon the balance between attractive and repulsive forces, various 

lyotropic organizations can be observed when the gelator concentration is creased to 

the overlap value. Bulk phases or microdomains in the heterogeneous network can 

produce nematic, hexagonal, or rectangular orderings. 

 

2.3.3  Xerogel and Aerogel  

When the liquid is evaporated from a gel, a meniscus develops and the sample 

shrinks to give a xerogel. Xerogels usually retain high porosity and enormous 

surface area, along with very small pore size. 

 

When solvent removal occurs under hypercritical (supercritical) conditions, the 

network does not shrink and a highly porous, low-density material known as an 

aerogel is produced. 
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2.3.4  Aggregation Modes of Gelator 

A vast number of organic gel architectures are formed through supramolecular self-

assembly, which contain strong (self-) complementary and unidirectional 

intermolecular interactions to enforce one-, two, or three-dimensional architectures. 

Organic gels are often prepared from the network formation of one-dimensional 

solid fibers self-assembled by gelators via noncovalent interactions.[187-198] 

 

   
Figure 2.10.  Network of one-dimensional solid fibers self-assembled by gelators 

xergoel (desolvated under low pressure, left) and aerogel (desolvated by supercritical 

CO2 extraction, right).[199] 

 

Two- or three-dimensional aggregation modes have also been reported. Michihiro 

Shirakawa and his co-worker demonstrate that the aggregation mode of porphyrin 

rings can be tuned not only in a one-dimensional fashion but also in a two-

dimensional fashion by programming the structure of these groups; for example, 2a 

tends to assemble into a one-dimensional aggregate, whereas 3a tends to assemble 

into a two-dimensional aggregate. [200] 
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Figure 2.11.  Molecular structure of compound 2a and 3a.[200] 

 

 

Figure 2.12.  (a) Two-dimensional sheetlike structure of 2a (b) one-dimensional 

fibrillar structure of 3a xerogels prepared from cyclohexane.[200] 

 

2.3.5  Applications of Low Molecular Gel  

Unlike many supramolecules that may still remain within basic scientific areas, gels 

are well recognized as practical materials, as seen in water preserver, absorber and 

optical displays.[201] The application of gels can be found in many areas such as 

foodstuff, packaging, photographic film, sanitary products, cosmetic industries and 

lubrication. In construction industries, they are used to make soil slurries which can 

be transported in pipes, gels are also used in agriculture and oil industries. 
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As the gel-sol phase transformation is always accompanied by a change of the 

supramolecular interaction, the additional components and the driving force such as 

coordination interaction, hydrogen bonding, π−π interactions, etc., which are 

sensitive to temperature , magnetic fields, electric fields, pH and light, can make the 

gels more sensitive to various stimulations. Utilizing this property, a great number of 

smart organolelators have potential applications in many fields such as organic light 

emission diodes (OLEDs),[202,203] photovoltaic cells,[204,205] drug delivery, [206,207] and 

light harvesting systems.[208-210] Moreover, the formation and properties of these 

supramolecular gels can possibly be controlled by environmental stimuli such as 

light,[211-215] sound, electrochemical stimuli, complexation, pH, fluoride anions, and a 

combination of some of these by incorporating a receptor unit or a photoactive unit 

as a part of the gelator molecule. 

 

The use of organogels as confining and/or anistropic media has also received 

considerable interest. The use of three-dimensional networks allows one to shape 

materials on the microscopic level, leading to otherwise unattainable structures that 

show properties not observed in the unaggregated molecules. Organized gel fibers 

from the networks may be exploited as nano-wires for the transport of optical 

information or for energy storage.[176]  

 

Membranes aerogel networks, which retain high porosity and enormous surface area, 

along with very small pore size, may become useful as purification/separation tools. 

Recently, “reverse aerogels” have been constructed by polymerizing styrene or alkyl 

methacrylates while gelled by N,N, N, N-tetraoctadecylammonium bromide[216] or a 

gluconamide,[217] and then removing the gelator. These materials with their networks 

of microchannels may be useful as membranes and drug delivery agents.  
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Some of the gelling systems may be used as temperature or humidity sensors while 

the ordered microstructures found in their networks can be of interest in templating 

for materials synthesis. Luminescent gels may find applications for linear, 

anisotropic energy transfer while some chiral organogels can be used fro molecular 

and chiral recognition. Molecular transducers formed by cholesterol-based 

organogelators which can translate some chiral recognition interactions into readable 

outputs are promising examples of host-guest signal-responsive chemistry. In such 

gels, the gel-solution phase transition temperature differentiates the two optical 

isomers of a monosaccharide (for instance, xylose) added to the gelling system.    

 

2.3.6  Classification of LMW Gelators 

It is not yet possible to select a prior a molecule to gel definitively a selected liquid. 

Discoveries of new gelators or thickeners remain mainly fortuitous.[176,218] The 

challenge is to develop new molecules that self-assemble an allow functionalization 

and fine-tuning of the structure in an easily accessible manner. As an aid to defining 

strategies for the molecular design of new organic gelators, many of the known ones 

have been grouped separately according to their chemical function groups. 

 

2.3.6.1  Fatty Acid Derivatives 

Long chain saturated fatty acids, their salts with alkali metals, alcohols and esters are 

known to form hardened materials from organic liquids. Among these 12-

Hydroxyoctadecanoic acid (4) and its related salts (4M) are of special interest 

because it can gelate a variety of organic liquids.[219,220]  
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Figure 2.13.  Structural model of fibrillar or ribbon-like aggregates of 4 as formed in 

gelled organic liquids. [221] 

 

Terech and co-workers found no difference in the gelating ability, appearance of the 

gels, variety of liquids that can be gelated, or the concentration need for gelation by 

racemic and chiral 4.[222-224] The molecules of racemic 4 packs in a monoclinic, head-

to-head fashion (Figure 2.13). Their organization is sensitive to the liquid type 

employed for gelation as well as the thermal and mechanical histories of the gel. 

 

2.3.6.2  Steroid Derivatives 

Steroids are a class of naturally occurring molecules that exist in all plants and 

animals and play important roles to control biochemical activities associated with 

life. Some steroid derivatives [225] (such as dexychloric, cholic, apocholic, and 

lithocholic acids and their salts) thicken aqueous salt solutions.[226] Similarly, some 

cholesteric esters and related derivatives, due to their molecular chirality, form 

thermotropic cholesteric (i.e., chiral nematic) mesophases.[227,228] These data infer 

that appropriately functionalized steroids should gel organic liquids.  
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Figure 2.14.  The chemical structure of DHL and STNH. 

 

A remarkably simple example is dihydrolanosterol (DHL), which, at 1-10 wt%, gels 

various mineral, synthetic, animal, a silicone oils. The gelling abilities and stability 

depends on the structure of steroid.[229] 

 

    
Figure 2.15.  SEM of gels of STNH in cyclohexane (A) porous 3D gel network in 

cyclohexane (B) Dried gel replica showing long twisted filaments and details of their 

interactions.[230]  

 

The “contact points” or nodes in the network are “junction ones” made by a specific 

overlap through fusion or coiling of two or more individual fibers over distances 

much longer than their diameters. This description is supported by freeze-fracture-
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etching transmission electron micrographs which show 91 À diameter filaments 

(Figure 2.15).[231-233] A helical subdiameter of 46 À, is also observed. Analogous 

observations of helical fibers, random networks, protracted formation times 

following similar models, hydrogen bonding interactions, and filament assembly 

processes have also been made for some naturally occurring systems like actin, 

butulin, collagen, and DNA.[233] 

 

2.3.6.3  Sugar Derivatives  

Sugars have unique and well-defined molecular architectures and they exist in a wide 

variety of structures, each of which can be obtained as a single enantiomer. As a 

result, they allow systematic studies to connect monomer structure with gelation 

ability.  

 

 

Figure 2.16.  Chemical structure of compound 5. 

 

According to Yamaoto’s report, compound 5 can form gels in about 70 different 

liquids,[234,235] in a very low concentration, in some case, even as little as 0.4 wt%. 

The sol-gel phase transitions were thermally reversible and the phase transition 
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temperature depended on the gelator concentration. Also, the gels exhibited a critical 

gelation concentration (cgc) at room temperature (Figure 2.16).  

 

Recent experiments have extended the range of media gelated by 5 to 

macromolecules and mesomorphous molecules. For instance, isotactic 

polypropylene, poly (propylene glycol), silicone fluids, and liquid crystals have been 

“gelated” by compound 5.[236,237] Some beneficial mechanical properties of the 

polymers occur when the gelator is added. In 1-poly(ethylene glycol) (PEG) systems, 

TEM images reveal individual 1 nanofibril of about 10 to 70 nm in diameter, with a 

primary nanofibrillar diameter of about 10 nm. 

 

2.3.6.4  Amide and Urea Derivatives  

Amide [238-242], urea and thiourea are known to aggregate in helical lattices, held in 

place by intermolecular H-bonding, when molecules like straight-chain 

hydrocarbons act as templates. Their aggregation behaviors have been studied 

extensively.  

 

2.3.6.5  n-Alkanamides 

Fibrous aggregates in water can be formed from alkanamides linked to a 

carbohydrate head group.[243-245] A typical example is N-n-octyl-Dgluconamide (6), 

which also forms unstable gels in o-xylene.[246,247] Improved gelation characteristics 

are observed when one or two of the hydroxyl groups of 6 are substituted with other 

moieties.[248] Quite interestingly, the Tg of osme gels of 1wt% 7 are higher than the 

boiling points of the corresponding liquids (such as chloroform, dichloromethane, 
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and benzene) and the gels are stable morphologically for several months in sealed 

containers.[248] 

 

 
Figure 2.17.  The chemical structures of 6 and 7. 

 

TEM images of a gel of 1 wt% 7 in chloroform (Tg = 66 oC. Figure 2.18) demonstrate 

that the gelator aggregates are finely meshed fibrils. 

 

   

Figure 2.18.  TEM pictures of a gel of 7 in chloroform (A) Network of fibers; (B) 

Bundles of whisker-type fibers.[116]  

 

Several types of bisamides and oligoamides gelate a wide variety of liquids [249-254] 

due to enhanced directional H-bonding as well as van der Waals interactions. 

Intermolecular H-bonding of linear α, ω-bisamides can be parallel or anitparallel 
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depending on the number of separating methylene units (Figure 2.19). In fact, the 

gelation efficiency of these bisamides depends more on whether the number of 

methylene units is even or odd than on the length of the R group.  

 

 

Figure 2.19.  Parallel and antiparallel structures of diamides 9 and 10. For 

clarification, diamides of n = 4 and n = 3 are presented. 

 

2.3.6.6  Amino Acid Derivatives 

Some amino acid derivatives in which the nitrogen atom is part of an amide moiety, 

as in molecules with the general structure 11-13, are gelators of both aqueous and 

organic liquids. In general, the gelataion ability strongly depends on the structure of 

the amino acid residue: racemic residues are not gelators in most cases, and gelation 

efficiency increases when more than one peptide unit is present in one molecule. 

Another factor that affects gelation efficiency is the balance between the 

hydrophobicity of the alkyl substituent and hydrophilicity of the amide moiety. The 

gelation efficiency of amino acid derivatives can be “tuned” to some extent by 

structural variations.[255,256] 
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Figure 2.20.  Structure representatives of Amino acid derivatives. 

 

For instance, gelation by gemini low molecular organic gels in which two L-lysine 

derivatives are linked through a polymethylene spacer (14) has been observed for 

diverse organic liquids (e.g., low-polarity cyclohexane and more polar 

methanol).[257,258] Gelation efficiency decreases with increasing oligomethylene 

space length due to the increasing solvophilicity. The oxalyl amide derivatives (n = 0) 

gelate alcohols, cyclic ethers, aromatic liquids and acetonitrile. 

 

 

Figure 2.21.  Chemical structure representative of 14. 

 

2.3.6.7  Peptide  

Substituted linear and cyclopeptide are known to gelate wide variety of organic 
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liquids and water.[259-261] The gelation ability of this class of gels is attributed to 

multiple H-bonding sites in each molecule as well kinetically-controlled (perhaps 

random) alignment of the peptides in their aggregates that prevents crystallization.  

 

Several substituted cyclodipeditdes 15 and 16 can gelate a variety of liquids.[254-261] 

Aggregation is driven mainly by intermolecular H-bonding. 

 

 

Figure 2.22.  Chemical structures of 15 and 16. 

 

2.3.6.8  Urea Derivatives 

Bis-urea low molecular gel 17 is also known to gelate several liquids.[255-258] The 

gelation ability of 17 depends strongly on the nature of the X linker: gelation is 

facilitated more by linear methylene chain X groups than by aromatic groups. When 

X is an azobenzyl moiety, the gelator aggregates are polymorphic.  
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Figure 2.23.  Chemical structure of 17.  

 

2.3.6.9  π-Block-based Systems 

The major driving forces for these systems are considered to be π−π stacking and/ or 

other interactions. 2,3-Bis-n-decyloxyanthracene (DDOA) is able to gel various 

alkanes, alcohols, aliphatic amines, and nitriles.[241] The solution-to-gel phase 

transition of DDOA varies over a wide range of temperatures, depending on the 

liquid and gelator concentration. Because H-bonding between these molecules is not 

possible, their principal driving force for gel formation may be π−π stacking of the 

aromatic units and van der Waals interactions of the alkyl chains. Evidence for the 

former is found in absorption and fluorescence spectra of 18 (Figure 2.24) with n = 6 

and n = 10 in solutions and gel phases [260] as well as comparisons between UV and 

IR data in their neat and gel phases.[271,272] 

 

 

Figure 2.24.  Chemical structure representative of 18. 
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Pyrene-appended aliphatic amides, urethanes, and urea derivatives (19, with n > 8) 

gelate hydrocarbons, alcohols, and halogenated liquids. Their aggregation seems to 

be promoted by π−π stacking and H-bonding interactions. Gelation ability of these 

compounds depends on the length of the alkyl chain and nature of the aromatic unit, 

the existence of stacked aromatic units in the gel phase is supported by the 

temperature dependence of absorption and fluorescence spectra. Pronounced 

hyperchromism and decrease in the intensities of the monomer and excimer 

fluorescence bands were observed upon increasing the temperature due to destacking 

of aromatic moieties during melting of the gel.[273]  

 

 

Figure 2.25.  Chemical structure representative of 19. 

 

2.3.4  General Guidelines for New Organic Gelators Design 

The driving forces for molecular aggregation of gelators can be generally attributed 

to the π−π stacking, solvophobic effects, hydrogen bonding and other van der Waals 

interactions such as London dispersion forces as well as electrostatic interactions. 

The cholesterol derivatives are examples that emphasize the van der Walls 

interactions, aliphatic amides and saccharide-containing gelators stress H-bonding 

interactions, and anthryl derivatives accent on π−π stacking and solvophobic effects. 
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From the previous research concerning gelators, some general guidelines for the 

design of low molecular organic gels are emerging. They include: 1) the presence of 

strong self-complementary and unidirectional interactions to enforce one-

dimensional self-assembly; 2) control of the fiber-liquid interfacial energy to control 

solubility and to prevent bulk crystallization; and 3) some factors to induce fiber 

cross-linking for network formation.[176]  

 

2.3.5  Rationales for Research of Novel Fluorescence 

LMW Gel in This Study  

Despite attempts to elucidate at the molecular level the prerequisites for successful 

gel formation, the ability to control the course of aggregation is still a goal that has 

not been attained. It is known that minor changes in the molecule may dramatically 

influence the subtle balance of non covalent interactions between molecules, in most 

extreme cases resulting in the loss of reversibility or preventing stable self-

assembled structures to be formed. The challenge is to develop new molecules, 

particularly chromophore-linked molecular systems, which self-assemble and allow 

functionalization and fine-tuning of the structure in an easily accessible manner. 

Recently, fluorescence-spectroscopy-based investigations of a few low molecular 

weight gels have shed light on the gel formation processes and on the nature of the 

environments (hydrophobic, hydrophilic) present within these gels.[274-280] Such 

organic π-conjugated systems, which play a crucial role in supramolecular devices 

due to their interesting optical properties by intermolecular interactions, are of great 

significance. 

 

In order to engineer a new system, several factors including strong self-
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complementary and unidirectional intermolecular interactions, appropriate solubility, 

being compatible with solvents, temperature, possible participation of cosurfactants, 

etc., which affect the gelation needed to be fully considered. One way to realize 

supramolecular gels is to tune the interaction between molecules through 

introduction supramolecular binding director (such as π-stacking, solvophobic 

effects or hydrogen) bonding to stabilize the aggregations.[282] Consequently, the 

functionalization of supramolecular gels can be carried out by the rational design of 

building blocks, and thus, macroscopic characteristics can be controlled by adjusting 

the interaction and chemical structure of the molecular components. As an example, 

the introduction of more than one peptide has been reported to increase the gelation 

efficiency in a group of amino derivatives organic gelators.[305,306] 

 

Herein, the other intention in this thesis is to develop new self-assembled fibers with 

tunable fluorescent properties by incorporating pyrene into the 1,3,5-

benzentricarboxamide unit. The chemical structures of gelators in this research 1a, 

1b and 1c are displayed in scheme 2.1. 
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Scheme 2.1  The chemical structures of 1a, 1b and 1c. 

 

2.3.5.1  Molecular Design 

The molecular design of gelator 1a, 1b and 1c were below:  

1) Pyrene, which is known to act as a good fluorescence probe for molecular 

aggregation in polymer solutions, micelles, and proteins because of its long lifetime 

and high fluorescence efficiency, has attracted considerable interest.[281,282] The 

introduction of pyrene is motivated by its strong intermolecular π−π stacking 

interaction which is responsible for the self-assembly of pyrene and its derivatives 

into aggregates with controlled nanostructure.[305,306] The well-known photophysical 

properties as well as characteristic and environment-sensitive monomer or excimer 

emissions of pyrene provide the possibility to convert structural information of 

supramolecular architectures into physicohemical signals. 

 

2) 1,3,5-benzenetricarboxamide unit was found to self-assemble into helical 

columnar aggregates [283-287] in a variety of materials such as: organogelators,[285-294] 

liquid crystals,[295-300] nucleating agents [299-302] for isotactic polypropylene and 

nanostructured materials.[303,304] In this research, two kinds of different 1,3,5- 

benzenetricarboxamide units were employed. 1a and 1b contain the alkyl amine 

substituted 1,3,5-benzenetricarboxamide units which was reported to form self-

assembly relaying on threefold intermolecular hydrogen bondings and π−π stacking. 
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1c incorporates the aromatic aniline substituted 1,3,5- benzenetricarboxamide unit 

with increased aromatic benzene ring and alkyl chain, which was expected to 

enhance the gelation ability of 1c through increased π−π stacking and van der Walls 

interactions.  

 

3) Recent investigations show that the choice of the connector unit between two the 

building blocks is of critical importance if the gelation efficiency should be 

maintained.[129] In this search, two different length oligomethylene spacers were 

selected. 1a and 1c contain the shorter alkyl chain with one CH2 unit, while 1b has 

longer alkyl chain with five CH2 units.  

 

2.4  Conclusion 

This chapter provides the literature reviews on PLA, dendrimers, phosphorous 

dendrimers, the self-assembled materials, LMW gels, and rationals for this study. 

One of our main aims is to develop knowledge that can be used for creating better 

new functional materials based the chemistries of dendritic and supramolecular 

compounds. Our initial ideas are (1) to improve mechanical properties of PLA with 

novel phosphorous dendrimer and, (2) to synthesize new fluorescence LMW gelators. 
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CChhaapptteerr  33    EExxppeerriimmeennttaall  DDeettaaiillss  

 

The experimental details for all the synthesized products will be described in this 

chapter. 

 

3.1  Composite Materials from PLA and 

Phosphorous Dendrimer 

3.1.1  Materials 

PLA(from Jinan Daigang Co., Ltd ,China, Mn = 10 kDa, Tg = 160.8 °C and Tm = 

177.3 °C)was used as received.  

 

Phosphorus Dendrimer: The phosphorus dendrimers were synthesized according to 

literature. [1] 

 

3.1.2  Material Fabrication   

General Method: Various amounts of the dendrimers and PLA (in different weight 

ratios) were dissolved and mixed well in dichloromethane. After casting in Petric 

dishes, the solvent was then allowed to slowly evaporate at room temperature for 3h. 

The solidified films were further dried in vacuum at 50oC for one week in order to 

completely remove the solvent. 

 

Specific Method (Using a 5 wt % G3/PLA composite material as an example): To a 
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40 mL dichloromethane solution of PLA (0.05 g/mL) was added 0.1 g of G3 

dendrimer. After complete dissolution, the above solution was then casted into a 

Petric dish (8 cm in diameter), and solvent was allowed evaporate at room 

temperature for 3h. The film was then dried in vacuum at 50 oC for one week to 

remove the residual solvent.  

 

3.1.3  Instrumentations and Characterizations 

Rheological measurement: The rheological properties of the blends, which are 

crucial to understanding of the fundamental process and structure-property 

relationship of polymeric materials as well as thermal properties, were studied for 

the relationship between processability and toughness. Rheological measurements 

were carried out on an ARES rheometer (TA, USA). Frequency sweep for the 

samples was carried out at 190 oC using 25 mm plate-plate geometry, and the sample 

gap was set as 0.5 mm. A strain sweep test was initially conducted to determine the 

linear viscoelastic region of the materials. The strain and angular frequency range 

used during testing were 5% and 0.1-100 rad/s, respectively. 

 

Differential scanning calorimetry (DSC): The crystallization behavior of PLA was 

studied using differential scanning calorimetry on a Perkin-Elmer Pyris DSC 

instrument under a N2 atmosphere. The sample was firstly heated from 25 °C to 200 

°C at a rate of 20 °C /min, and held at 200 °C for 3 min. Then the sample was cooled 

down to -45 °C at a rate of 10 °C /min followed by holding at -45 °C for 3 min. 

Finally the samples were heated to 200 °C. The Tm and the heat of fusion ( Hm) 

were measured from the second heating cycle to minimize different thermal history 

effects. The degree of crystallinity of the sample was calculated from the ratio of the 

enthalpy of fusion to the enthalpy of fusion of crystalline PLA which is 93 J/g. [2]  
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Isothermal crystallization: Most PLA are furnished to final products by melt 

compounding in extruders or by injection molding process; therefore, one of the 

important property for PLA is fast crystallization. The crystallization rate of neat 

PLA and the blends can be investigated using isothermal crystallization kinetics. 

Isothermal crystallization behaviors of dendrimer/PLA blend was evaluated using 

DSC by premelting blends at 200 oC for 3 min to eliminate completely any possible 

crystallinity or residual stresses in the sample. On rapidly cooling to the designated 

crystallization temperature and holding for 45 min which allow crystallization from 

the quiescent melt. The temperature was ramped back up to 200 °C with a heating 

rate of 10 °C /min to probe the melting point after crystallization. The exothermic 

heat flow as a function of time was recorded, and relative crystallinity was expressed 

as the ratio of peak areas at time to that at the end of crystallization. The classical 

Avrami equation was used:[3-5] 

 

1 - Xt = exp ( - Kt n) 

Scheme 3.1.  Equation 1. 

 

Where Xt is the amount of crystallized material or the conversion degree to 

crystalline phase, n is the Avrami exponent, and K is an Avrami parameter depending 

on the geometry of the growing crystalline phase. In this model, it was assumed that 

the material reaches 100% crystallinity. During the isothermal crystallization, heat 

flow (dH/dt) can be probed over crystallization time via DSC. One can derive the 

percent of ultimate crystallization vs time by using equation 2 and applying it to the 

exothermic crystallization peak: 
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Scheme 3.2.  Equation 2. 

 

In this equation, the numerator is the crystallization heat generated up to time t and 

the denominator is the total heat produced by the completion of the entire 

crystallization process. Taking the double logarithm of equation gives 

  

 

Scheme 3.3.  Equation 3. 

  

Which suggests that log (-ln (1-Xt)) vs log t should be linear, and K and n can be 

calculated by fitting a line to the experimental data. The Avrami exponent, n, is equal 

to the growth dimensionality plus one, and K is a function of growth geometry. 

 

Dynamic mechanical analysis (DMA): Dynamic mechanical analysis (DMA) was 

employed to assess the miscibility of the polymer blend by measuring the Tg of the 

blend composition. The investigation of the α-relaxation process of PLA, which was 

associated with its glass transition, was performed on a DMA Perkin Elmer Diamond 

DMA Lab System. The experiments were conducted in the tensile mode under 

isochronal conditions at a frequency of 1 Hz. Thermograms displaying the storage 

and loss moduli were recorded between -60 and 150 oC at a heating rate of 2 °C /min. 

The shape of the film samples was rectangular, approximately 10 mm * 8 mm * 0.3 

mm. 
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Tensile tests: The tensile mechanical behavior of the blend was evaluated, and the 

toughening effect of the phosphorus dendrimer on PLA was observed. Tensile tests 

were performed on an 8.9 kN, screw-driven universal testing machine (Instron 1211, 

Canton, MA) equipped with a 10 kN electronic load cell and mechanical grips. The 

tests were conducted at room temperature using a cross-head rate of 5 mm/ min. All 

tests were carried out according to the ASTM standard, and the data reported were 

the mean and standard deviation from five measurements.  

 

Scanning electron microscopy (SEM): Fracture surfaces from the tensile tests were 

examined using scanning electron microscope (SEM) observed with a JSM-6300 F 

and JSM-6390 C. All specimens were sputter coated with gold prior to examination. 

 

Polarized optical microscopy (POM): POM studies were carried out with a 

Microphoto (Linkam TM 600) in conjunction with a hot stage. The samples of PLA 

and the dendrimer/PLA blends were prepared by cutting small pieces from prepared 

films. Sample weighing 5 mg was melted on glass slides with cover slips to form 

thin films 20-50 μm thick. The specimens were heated to 200 °C on a hot stage and 

held at that temperature for 5 min and then quickly cooled to 140 °C at a rate of 40 

°C /min. The POM observation was carried out as soon as the sample was cooled to 

140 oC. The hot stage was calibrated with a melting point standard to 0.2 °C 

accuracy. In addition, photographs were taken by a digital camera. 

 

3.2  Low Molecular Weight Gels Derived from 1,3,5-

Benzenetricarboxamide 

3.2.1  Materials 
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All chemical reagents were from Aldrich Company, and solvents were purchased 

from TEDIA.INT (USA) or Labscan. Co., Ltd. All solvent and chemical reagents 

were purified before use. Analytical thin-layer chromatography (TLC) was 

performed on 0.25 mm E. Merck silica gel plates (silica gel F254), and silica gel 

column chromatography was carried out with silica gel 60 from Kanto Chemicals 

(silica gel 60, spherical,40-50 μm).  

 

3.2.2  Gel Formation 

General gel preparation method: In a typical gelation experiment, a solvent (100 

μL) and a weighed sample (5.0 mg) were added in a vial. The vial was sealed and 

heated up until a clear solution was obtained. The final mixture was then cooled to 

room temperature. The formation of a “gel” was determined when the tube could be 

inverted without any flow. A minimum gel concentration was determined by adding 

more solvent with every 50 μL portion.   

 

Specific Method (Using gel 1c in n-butanol as an example): To 100 μL of n-butanol 

was added 5.0 mg 1c in a 1 mL vial. This vial was then sealed and heated up until a 

clear solution was obtained. After that, the mixture was cooled to room temperature 

and the mixture was checked for gel formation.  

 

General Xerogel preparation method: xerogel was prepared by removal of the 

solvent contained in gel under vacuum    

 

Specific Method (Using xerogel 1c as an example): 2 mL freshly prepared 1c gel (4 

mg/mL) in toluene was spinning coated onto a thin square glass plate (150mm × 

150mm), and this plate was put to vacuum overnight to remove solvents at room 
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temperature.   

 

3.2.3  Instrumentations and Gel Characterizations  

Nuclear magnetic resonance (NMR): 1HNMR spectra were recorded on a Varian 

Unity Inova 400 MHz NMR Spectrometer. Chemical shifts of 1HNMR signals were 

expressed in parts per million (δ) using internal standard tetramethylsilane (Me4Si, 

δ = 0.00). Coupling constants, J, were reported in hertz (Hz).  

 

Differential scanning calorimeter (DSC): DSC measurements were performed on a 

Perkin-Elmer Pyris DSC instrument under a N2 atmosphere. The sample was heated 

from 10 °C to 85 °C at a rate of 1 °C /min, and held at 85 °C for 3 mins. The sample 

was cooled down from 85 °C to 10 °C at a rate of 1 °C /min. Transition temperatures 

were taken at the maximum of the transition peaks on cooling. 

 

X-ray diffraction (XRD): The XRD measurement of xerogels was carried out to 

examine the self-assembly structures in gel state. XRD measurements were carried 

out on a Rigaku RINT 2500 diffractmeter using Ni-filtered Cu KR radiation at 25 oC. 

 

Scanning electron microscopy (SEM): The morphology of the xerogel was 

investigated by scanning electron microscopy (SEM) to obtain images of these 

assemblies. SEM images of the xerogels were obtained using an SSX-550 

(Shimadzu) with an accelerating voltage of 15 kV. Samples were prepared by 

spinning the gels on glass slices and coating with Au. 

 

Fourier transforms Infrared (FT-IR): FT-IR measurements were conducted to 

examine H-bonding interaction between gelators. FT-IR measurements were 
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conducted on a Jasco FT/IR-660 Plus using KBr plates at 25 oC.  

 

Fluorescence spectra: Temperature-dependent fluorescence spectra of gel state 

were measured to illustrate the gelation process and to assess the function of the 

fluorophore moiety taking. Fluorescence spectra were recorded on a Jasco FP-6300 

spectrophotometer equipped with an ECT-273T temperature controller using a 1 mm 

rectangular quartz cell with an isosceles triangle cell holder, the temperature change 

rate was controlled at 0.5 °C /min, and after reaching the desired temperature, the 

mixture was kept for 1 min before fluorescence scan.  

 

3.3  Synthesis 

3.3.1  Synthesis of Phosphorus Dendrimer 

3.3.1.1  Synthesis of G0.5 Phosphorus Dendrimer 

PS
Cl

Cl
Cl

P
S

OO

O

H

H

O

O

H

O

reflux 2 days, THF,yield 90%

4-hydroxybenzaldehyde,Et3N

G0.5  

Scheme 3.4.  Preparation of G0.5 phosphorous dendrimer 

 

o,o,o-tris(4-Formylphenyl)phosphorothioate, the G0.5 dendrimer, was prepared 

according to Scheme 3.4. To a THF (200 mL) solution of trichlorothiophosphorous 
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(1.67 g, 10 mmol) was added 4-hydroxybenzaldehyde (4.27 g, 35 mmol) and 

triethylamine (3.53 g, 35 mmol). The solution was then refluxed for 2 days. The 

solvent was then evaporated and ethyl acetate (120 mL) was added to the mixture. 

Having a wash with 1 N aqueous HCl (3 × 60 mL), saturated NaHCO3 and brine, the 

organic layer was dried over anhydrous Na2SO4, and concentrated under vacuum. The 

pure G0.5 dendrimer was obtained by recrystallization from ethyl acetate in 90% yield. 

 

3.3.1.2  Synthesis of Other Phosphorus Dendrimers (G1-G4 dendrimer) 

While the synthesis methods for phosphorus dendrimers with P-Cl end groups (G1, 

G2, G3, and G4) are nearly the same by treating the phosphorous dendrimers with 

aldehyde end groups with dichloro (methylhydrazino) phosphate sulphide compound 

3.1, phosphorous dendrimers with aldehyde end-groups (G1.5, G2.5, G3.5) can be 

obtained in a very similar manner by adding sodium salt of 4-hydroxybenzaldehyde 

to phosphorous dendrimers with P-Cl end groups. Scheme 3,4 and 3.5 show the 

general methods for the synthesis of phosphorous dendrimers with P-Cl end groups 

and with aldehyde end groups, respectively:  

General Method:  

Synthesis of phosphorus dendrimers with P-Cl end groups (G1, G2, G3, and 

G4).  

 

Generation n+1
    (P-Cl)

3(2n ) compound 3.1

DCM
Generation n
     (CHO)

 

Scheme 3.5.  Preparation of phosphorus dendrimers with P-Cl end groups 

 

As shown in scheme 3.5, G1, G2, G3, and G4 phosphorus dendrimers were 
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synthesized. Phosphorus dendrimer (1 equiv) with aldehyde end group was allowed 

to react with 4.2 (3×(2n) equiv) to obtain the next generation dendrimer with P-Cl 

end group in DCM at room temperature. The reactions were closely monitored by 

TLC, and after purification by flash column chromatography, G2 and G3 phosphorus 

dendrimers were obtained in nearly 80% yield. However, the yield of G4 phosphorus 

dendrimer was much lower, was around 60%. 

 

Synthesis of phosphorus dendrimers with CHO end groups (G1, G2.5, G3.5, 

and G4.5) 

 

Generation n
    (P-Cl)

3(2n ) NaO
O

H

THF
Generation n
     (CHO)  

Scheme 3.6.  Preparation of phosphorus dendrimers with CHO end groups (G1, 

G2.5, G3.5, and G4.5) 

 

As shown in scheme 3.6, G0.5, G2.5, G3.5, and G4.5 phosphorus dendrimers 

containing CHO end groups were synthesized. Various generations of phosphorus 

dendrimers terminated with CHO group (1 equiv) were allowed to react with sodium 

salt of 4-hydroxylbenzaldehyde (3(2n) equiv) to obtain the generation n phosphorus 

denderimers with CHO end groups. The reactions were carried out under reflux in 

THF, and closely monitored by TLC. After purification by flash column 

chromatography, G2.5 and G3.5 phosphorus dendrimers were obtained in around 

80% yield. However, the yield of G4.5 phosphorus dendrimer was much lower; 

around 50%.  

 

Specific Method: 

Herein, using the synthesis of G1 phosphorous dendrimer and G1.5 phosphorous 
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dendrimer as examples: 

 

Synthesis of G1 phosphorus dendrimer 

 

P
Cl

Cl N
S

NH2

P
S

OO

O

H

H

O

O

H

O

G0.5

+

3.1

P
S

OO

O

H

H

N

N

H

N
DCM

2 hours ,85%

N

N

N

P

P

P

S

S

S

ClCl

Cl Cl

Cl Cl

G1  
Scheme 3.7.  Preparation of G1 phosphorus dendrimer 

 

The first generation phosphorus dendrimer was synthesized according to Scheme 3.7. 

The DCM (50 mL) solution of o,o,o-tris(4-formylphenyl)phosphorothioate, 

G0.5,(0.426 g, 1 mmol) was added dropwise to dichloro-(1-methylhydrazino) 

phosphine sulphide, 3.1 (0.59 g, 3.3 mmol), in dichloromethane (50 mL) at 0 °C. The 

mixture was then allowed to stir at room temperature. After the completion of this 

reaction monitored by TLC, 50 mL DCM was then added. The solution was washed 

with brine. The organic layer was dried over anhydrous Na2SO4, and concentrated under 

vacuum. The desired G1 phosphorus dendrimer was obtained by column 

chromatography (EA/hexane) in yield of 85%.  

   

Synthesis of G 1.5 phosphorus dendrimer 

 

 



- 64 - 

P S
OO

O

H

H

N

N

H

N N

N

N

P

P

P

S

S

S

O
O

O O

O
O

G1.5

O

H

O H

O

H

O
H

O
H

O H

G1

P
S

OO

O

H

H

N

N

H

N N

N

N

P

P

P

S

S

S

ClCl

Cl Cl

Cl Cl

2.3

O
H

NaO

THF, reflux for 2 hours,85%

 

Scheme 3.8.  Preparation of G1.5 phosphorus dendrimer 

 

Scheme 3.8 shows the synthesis of G1.5 phosphorus dendrimer. To a THF (100 mL) 

solution of G1 dendrimer (0.9 g, 1 mmol) was added sodium salt of 4-

hydroxybenzaldehyde (0.936 g, 6.5 mmol), which was separately synthesized by 

reacting 4-hydroxybenzaldehyde with NaH under reflux in THF. The reaction was 

then refluxed for 2 hours. The solvent was then removed in vacuum, and ethyl 

acetate was added. The solution was washed with 1N aqueous HCl, saturated 

NaHCO3 solution, and brine. The organic layer was dried over anhydrous Na2SO4, 

and concentrated under vacuum. After column chromatography (EA/hexane), pure 

product was obtained in 85% yield. 

 

3.3.2  Synthesis of LMW Gels  

Synthesis of compound 3.4.  
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O
HO
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O

HO
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H2SO4
reflux 12 hr

O

O
O

O
O
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reflux12 hr, 69%

3.2 3.3 3.4  

Scheme 3.9.  Synthesis of compound 3.4. 

 

Benzene-1,3,5-tricarboxylic acid trimethylester, 3.3, was prepared from refluxing a 

methanol solution of benzene-1.3,5-tricarboxylic acid in the presence of catalytic 

H2SO4 overnight. After, 3.3 (2.0 g, 7.93 mmol) and NaOH (0.32 g, 7.93 mmol) were 

dissolved in methanol (70 mL) and the mixture was refluxed for 12 h. The reaction 

mixture was poured into water (200 mL), and extracted with diethyl ether (3 x 100 

mL).  The combined organic layers were dried over MgSO4, and then concentrated 

in vacuum to give desired product 3.4 (1.3 g, 69% yield).[7] 

 

Synthesis of compound 3.5. 

 

O
O

O

HN

OH
NH

O

O
O

O
O

HO
H2N+

THF

reflux 2 days 90%

3.53.4  

Scheme 3.10.  Synthesis of compound 3.5. 

 

A THF solution (4 mL) containing 3.4 (0.719 g, 3.02 mmol) and 1-octylamine (2.573 g, 

19.9 mmol) was refluxed for 4 days. The reaction mixture was diluted with ethyl acetate, 

following by washing with 1 N aqueous HCl (6 × 30 mL), 1 N NaOH, brine, and finally 

with 1 N aqueous HCl. The organic layer was dried over anhydrous Na2SO4, and 
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concentrated under vacuum. The pure compound 3.5 was obtained by recrystallization 

from ethyl acetate. [8] 

 

Synthesis of compound 3.7.  

 

NO2 NH2

EtOAc, AcOH

H2 (1 atm) Pd/C

H
N

O
Br

Br

O
Br Pyridine

0oC, overnight
+

3.6 3.7  

Scheme 3.11.  Synthesis of compound 3.7. 

 

To a solution of 1-nitropyrene (8 g, 32.3 mmol) in EtOAc (120 mL) and AcOH (1 mL), 

under H2 (1 atm) was added 10% Pd/C (345 mg, 0.29 mmol). The mixture was stirred 

for 12 h. The solution was filtered through a bed of celite and the crude product was 

evaporated, followed by recrystallization from cyclohexane to produce 3.6 in the yield 

of 80%. [9] 

 

To a 50 ml dry DCM solution of 1-aminopyrene (1g, 4.04 mmol) and  pyridine (4.44 

mmol) cooled at 0 oC was added bromoacetyl bromide (4.44 mmol) in 4-5 portions over 

1 h period under stirring. The reaction mixture was allowed to warm to 22 °C and react 

for 4 h, white precipitate was formed. The solvent was evaporated and ethylacetate (120 

ml) was added to the mixture. Having a wash with 1 N aqueous HCl (3 × 60 mL), 

saturated NaHCO3 and brine, the organic layer was dried over anhydrous Na2SO4, and 

concentrated under vacuum. The pure compound 3.7 was obtained by recrystallization 

from acetone in the yield of 80% .[10]  

 

Synthesis of compound 3.8.  
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H
N

O
Br

H
N

O
NH2

THF 0oC

NH3 aqueous solution

3.83.7  

Scheme 3.12.  Synthesis of compound 3.8. 

 

A 100 mL THF solution of 3.7 (5 g, 48.3 mmol) was added dropwise to aqueous NH3 

solution (7 M, 500 mL) at 0 °C under vigorous stirring. After stirring for 8 h at room 

temperature, the reaction mixture was evaporated under reduced pressure to dryness. 

The pure compound 3.8 was obtained from recrystallization from ethanol (yield: 

70%); 1H NMR ((CD)3SO, 25οC, 500 Hz) δ = 9.9 (s, NH), 8.4-8.08 (m,9H), 3.8 (s, 

CH2, 2H), 1.91(s, NH2); 
13CNMR((CD)3SO, 25οC, 400 Hz) δ = 169.8, 131.7, 131.5, 

131.1, 128.0, 127.9, 127.3, 127.2, 126.0, 125.8, 125.7, 125.1, 124.6, 123.9, 122.9, 

122.4, 43.9.  

 

Synthesis of compound 1a.  

 

O

O
O

HN
OH

NH

NH
O

HN
O

O

O

NH

HN
H
N

O
NH2

+
EDCI, DMAP

DCM, 80%

3.83.5 1a

 

Scheme 3.13.  Synthesis of compound 1a 
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To 50 mL DCM/THF (10:1) cooled at 0oC, EDCI (0.769 g, 4.00 mmol), 3.5 (1.72 g, 

4 mmol) and DMAP (0.929 g) were added. After stirring for 12 h at 22 °C, the 

solution was washed with water (3×50mL) and brine. The organic layer was dried 

with anhydrous Na2SO4 and concentrated under vacuum. Pure compound 1a was 

obtained by recrystallization from isopropanol (yield: 78%). 1H NMR ((CD)3SO, 

25οC, 400 Hz) δ=10.47 (s, 1H), 9.18 (t, J = .4 Hz, 1H, ph-H), 8.69 (d, J = 4.4 Hz, 2H, 

ph-H), 9.51 (s, 2H, N-H), 8.41 (s, 1H, N-H), 8.07-8.37 (m, 9H), 4.37 (s, 2H, NH-

CH2), 3.28 (m, 4H, NH-CH2), 1.55 (m, 4H, NH-CH2-CH2), 1.27 (m, 20H, other 

methylene), 0.84 (t, J = 4.2, 6H,-CH3); 
13CNMR ((CD)3SO, 25οC, 400Hz) δ = 169.4, 

166.8, 166.1, 135.9, 135.1, 132.3, 131.5, 131.2, 129.3, 128.8, 128.0, 127.9, 127.8, 

127.4, 125.9, 125.7, 125.0, 124.6, 124.5, 124.1, 123.1, 44.1, 31.9, 29.7, 29.4, 29.3, 

27.2, 22.7, 14.6. IR (KBr) (cm-1) 3280, 3078, 2926, 2854, 1645, 1600, 1553, 1528, 

1292, 848, 707.  

 

Synthesis of compound 3.9.  

 

HO
NH2

O

OCl

O
+

HO

O H
N O

O

NaOH solution

90%
3.9  

Scheme 3.14.  Synthesis of compound 3.9. 

 

Benzyloxycarbonyl chloride (1.87 g, 11 mmol) was added dropwise to a solution of 

8-aminohexanoic acid (1.31 g, 10 mmol) in 1N aqueous NaOH (0.44 g, 11 mmol) at 

0 oC. The resulting suspension was stirred for 1 h. Concentrated HCl was then added 

under vigorous stirring until pH 2. DCM was added to the solution. After washed 

with brine, the organic layer was dried on Na2SO4 and concentrated under vacuum 

and colorless oil was obtain. After placed in refrigerator, the oil turned into white 

solid. The pure compound was purified by crystallization in methanol with the yield 
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of 75%. This compound has been reported.[11]     

 

Synthesis of compound 3.10. 

 

SOCl2

cat.DMF

3.9

HO

O H
N O

O
3.10

Cl

O H
N O

O

 

Scheme 3.15.  Synthesis of compound 3.10. 

 

6-(Carbobenzyloxyamino) caproic acid 3.9 (40 mg, 0.151 mmol) was dissolved in 

thionyl chloride (3 ml) and stirred under nitrogen for 3 hours. The solvent was 

evaporated and co-evaporated with toluene under reduced pressure. Compound 3.10 

was directly used in the next step. 

 

Synthesis of compound 3.11.  

 

N
H

O
H
N O

O

Cl

O H
N O

O

NH2

+ Et3N

DCM, overnight, 60%

3.11

3.10

 

Scheme 3.16.  Synthesis of compound 3.11. 

 

The crude acid chloride 3.10 (0.3 g, 1 mmol) was dissolved in dry DCM (250 ml), 

treated with Et3N (0.18 mL, 1.3 mmol) and 1-aminopyrene (0.28 g, 1.3 mmol), and 

stirred for 14 h at 22 oC. The organic layer was washed with dilute HCl (3×50mL), 
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saturated NaHCO3 (3×50 mL) solution, water (3×50 mL) and brine. The crude 

product obtained by evaporation of the solvent under vacuum and purified on a silica 

gel column (CHCl3/Methanol). After crystallilzation from isopropanol, pure 

compound 3.11 was obtained. Yield: 60%. 1H NMR ((CD)3SO, 25οC, 400 Hz) 10.25 

(s, 1H, N-H), 8.29-8.04 (m, 9H), 7.34-7.3 (m, 5H, Ar-H), 5.01(s, 2H, ph-CH2-O), 

3.03 (d, J = 4.8, 2H), 2.57 (m, 2H), 1.72 (m, 2H), 1.51 (m, 2H), 1.42 (m, 2H). 

13CNMR((CD)3SO, 25οC) δ 172.9, 156.8, 138.0, 132.7, 131.5, 131.2, 129.0, 128.8, 

127.9, 127.7, 127.2, 127.0, 125.8, 125.6, 125.5, 125.0, 124.6, 124.5, 124.1, 123.0, 

65.8, 30.0, 26.8, 25.8.  

 

Synthesis of compound 3.12.  

 

 

  Scheme 3.17.  Synthesis of compound 3.12. 

 

The mixture of Cbz-protected pyrene derivatives 3.11 (0.232 g, 0.5 mmol), glacial 

acetic acid (1 mL), and 10% Pd/C (0.1 g) in 100 mL ethyl acetate/methanol (1:1) was 

bubbled a slow stream of hydrogen gas for 10 h. After removed the catalyst by 

filtration, the solution was concentrated under reduced pressure. The residue was 

treated with a solution of ethereal hydrogen chloride. After filtration, compound 3.12 

was obtained. This compound was used directly for the next step without further 

purification. 
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Synthesis of compound 1b.  
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Scheme 3.18.  Synthesis of compound 1b. 

 

To a stirred and ice cooled solution of acid 3.5 (0.43 g, 1 mmol), HOBt (0.14 g, 1 

mmol), DCC (0.22 g, 1 mmol) and Et3N (0.14 mL, 1 mmol) in 30 mL DMF/DCM 

(1:1) was added compound 3.12 (0.37 g, 1 mmol). The reaction mixture was stirred 

at room temperature for 12 h. The solution was concentrated under reduced pressure, 

and then diluted with chloroform (200 mL). After washed successively with 1N HCl 

(3×50 mL), water (3×50 mL), saturated NaHCO3 (3×50 mL) and brine, the 

organic layer was dried over MgSO4 and concentrated under vacuum. The residue 

was chromatographed on silica gel eluting with CHCl3/CH3OH, to afford pure 

compound 1b in 60% yield. 1H NMR ((CD)3SO, 25οC, 400 Hz) δ 10.27 (s, 1H, N-H), 

8.73 (s, 1H, ph-H), 8.64 (m, 2H, ph-H), 8.28 (s, 2H, N-H), 8.29 (s, 1H, N-H), 8.25-
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8.04 (m, 9H), 3.29 (m, 4H, NH-CH2), 2.6 (m, 2H, OC-CH2), 1.76 (m, 2H, OC-CH2-

CH2), 1.67 (m, 2H, OC-H2-CH2-CH2),1.52 (m, 6H, NH-CH2-CH2), 1.24 (m, 22H, 

other methylene), 0.83 (t, J = 5.2, 6H, CH3); 
13CNMR((CD)3SO, 25οC) δ 172.6, 

166.2, 166.1, 135.9, 135.8, 132.7, 131.5, 131.2, 129.0, 128.8, 127.9, 127.2, 127.0, 

125.8, 125.6, 125.5, 125.0, 124.6, 124.5, 124.1, 123.0, 36.6, 31.9, 29.7, 29.6, 29.4, 

29.3, 27.2, 27.0, 25.9, 22.7, 14.6. IR (KBr) (cm-1) 3280, 3078, 2926, 2854, 1645, 

1600, 1553, 1528, 1292, 848, 707.  

 

Synthesis of compound 3.13.  

 

COOMe

MeOOC COOMe

NaOH(2 equa.)
H2O, MeOH

COOH

MeOOC COOH
3.13  

Scheme 3.19.  Synthesis of compound 3.13. 

 

Benzene-1,3,5-tricarboxylic acid trimethylester (2.0 g, 7.93 mmol) and NaOH (0.64 

g, 15.56 mmol) were dissolved in methanol (140 mL) and refluxed for 12 h. The 

reaction mixture was poured into water (200 mL), and the solution washed with 

diethyl ether (3 x 100 mL). The aqueous phase was acidified to pH 1 with 5 % 

hydrochloric acid and extracted with diethyl ether (3×100 mL). The combined 

organic layers were dried over MgSO4, and concentrated in vacuum to give the 

desired product (0.72 g, 40%). Compound 3.13 has been reported.[7] 

 

Synthesis of compound 3.14.  
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Scheme 3.20.  Synthesis of compound 3.14. 

 

A mixture of pyragallol (39.6 mmol, 1 equiv.), n-bromoalkane (130.7 mmol, 3.3 

equiv.), anhyd.K2CO3 (261.4 mmol, 6.6 equiv.), and DMF (40 ml) was heated at 80 

oC for 17 h under nitrogen atmosphere. Then the reaction mixture was then poured 

on to ice-water (400 ml) and extracted with dichloromethane (3×100 ml). The 

combined organic extracts were washed with water (300 ml), brine and dried over 

anhyd Na2SO4. Evaporation of the solvent and purification of the residue over 

neutral alumina using hexane followed by ethylacetate-hexanes (5%) as eluents 

furnished the desired product, which was further purified by repeated 

recrystallizations in hexane. Compound 3.14 has been reported.[12] 

 

Synthesis of compound 3.15.  

 

RO
OR

OR

R = n-C8H17

NaNO2

HNO3, CH2Cl2 RO
OR

OR

R = n-C8H17

NO2

3.14 3.15  

Scheme 3.21.  Synthesis of compound 3.15. 

 

To the solution of 1,2,3-trialkoxybenzene 3.14 (9.5 mmol, 1equiv) in 

dichloromethane sodium nitrite (1.3 mmol, 0.14 equiv) was added and stirred. This 

solution was cooled to 0 OC in an ice bath. To this well stirred suspension, 70% 
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HNO3 (28.5 mmol, 3 equiv, 10% solution in dichloromethane) was added drop wise 

within a period of 20 minutes and allowed to stir at room temperature for 1 h. Added 

water to the reaction mixture and extracted with dichloromethane (4×100 ml). The 

combined extracts were washed with water and brine. Dried over anhyd Na2SO4 and 

concentrated. These nitro compounds were further purified by recrystallization from 

methanol. Yields of these nitro compounds were in the range of 60-70%. Compound 

3.15 has been reported.[12] 

 

Synthesis of compound 3.16.  

 

RO
OR

OR

R = n-C8H17

NO2
Pd/C, H2

THF
RO

OR
OR

R = n-C8H17

NH2

3.15 3.16  

Scheme 3.22.  Synthesis of compound 3.16. 

 

To the solution of 1,2,3-trialkoxy-5-nitrobenzene 3.15 (20 mmol, 1 equiv.) in dry 

THF added 10% Palladium on charcoal (10% weight of the starting material). 

Degassed the reaction mixture and the reaction mixture was stirred under hydrogen 

atmosphere for 12 h. Reaction mixture was filtered over the celite bed. Concentrated 

and used the residue as such for the next reaction. Yields of these anilines were in 

the range of 85-90%. Compound 3.16 has been reported.[12] 

 

Synthesis of compound 3.17.  
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Scheme 3.23.  Synthesis of compound 3.17. 

 

5-Methoxycar- bonylbenzene-l,3-dicarbonyl dichloride (0.52 g, 2 mmol) prepared by 

compound 3.13 and SOCl2 was reacted with 3,4,5-trialkyloxybenzenamine 3.16 

(2.30 g, 4.8 mmol) in pyridine (150 mL) to afford crude product. After purified by 

column chromatography on silica gel eluting with n-hexane/ethyl acetate, pure 

compound 3.17 was obtained (yield: 80 %). 1H NMR (CCl3D, 25οC, 400 Hz) 

δ = 8.66 (s, 2H, N-H), 8.58 (s, 1H, ph-H), 8.06 (s, 2H, ph-H), 6.95 (s, 4H, ph-H), 

3.95 (m, 15H, O-CH2 and O-CH3), 1.81 (m, 8H, OC-CH2-CH2), 1.71 (m, 4H, OC-

CH2-CH2), 1.44 (m, 12H, OC-CH2-CH2-CH2), 1.29 (m, 48H, other methylene), 0.88 

(m, 18H, CH3); 
13C NMR(CCl3D, 25οC) δ = 165.77, 163.56, 153.51, 136.16, 135.68, 

133.13, 131.72, 130.95, 129.82, 99.50, 73.77, 69.40, 52.99, 32.12, 32.05, 30.53, 

29.78, 29.59, 29.50, 26.34, 26.30, 22.90, 22.87, 14.28.  

 

Synthesis of compound 3.18.  
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Scheme 3.24.  Synthesis of compound 3.18. 

 

The ester 3.17 (2.3 g, 2 mmol) was dissolved in 25 mL MeOH/H2O/THF （2:1:2, 

KOH (0.3 g, 5 mmol) was added to the solution. The solution was heated under 

reflux for 12. The solution was poured into 50 mL H2O. After extracted with 50 mL 

DCM, the aqueous phase was acidified to pH 2 with 1N aqueous HCl and washed 

three times with DCM. The combined organic layers were dried over MgSO4. After 

removed solvent in vacuum, crud product was crystallized in methanol to obtain pure 

compound 3.18 (yield: 85%). 1H NMR ((CD)3SO, 25οC, 400 Hz) δ = 10.59 (s, 2H, 

N-H), 8.81 (s, 2H, ph-H), 8.67 (s, 1H, ph-H), 7.23 (s, 4H, ph-H), 3.88 (t, J = 3.5, 8H, 

OC-CH2), 3.79 (t, J = 3.5, 4H, OC-CH2), 1.64 (m, 8H, OC-CH2-CH2), 1.58 (m, 4H, 

OC-CH2-CH2), 1.52 (m, 12H, OC-CH2-CH2-CH2), 1.59 (m, 48H, other methylene), 

0.84 (m, 18H, CH3); 
13C NMR((CD)3SO, 25οC) δ = 168.27, 164.99, 152.76, 135.67, 

135.63, 134.09, 131.75, 130.03, 99.66, 72.98, 68.77, 32.00, 31.94, 30.49, 29.63, 

29.59, 29.49, 29.44, 26.33, 22.78, 22.77, 14.45 

 

Synthesis of compound 1c.  
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Scheme 3.25.  Synthesis of compound 1c. 

 

The mixture of compound 3.18 (0.71 g, 0.625 mmol), DMAP (0.02 g, 0.164 mmol) 

and EDCI (0.12 g, 0.626 mmol)in dichloromethane (100 mL) at 0 oC was added 

compound 3.13 (0.14 g, 0.500 mmol). After stirring for 10 min at 0 oC, the reaction 

mixture was warmed to room temperature for 12 h. The solution was washed with 

1N aqueous HCl, saturated NaHCO3, and brine, dried over MgSO4 and concentrated 

under vacuum. The pure product 1c was obtained after crystallization from 

isopropanol (0.53 g, 76 %). 1H NMR ((CD)3SO, 25οC, 500 Hz) δ = 10.51 (s, 1H, N-

H), 10.41 (s, 2H, N-H), 9.29 (s, 1H, N-H), 8.70 (s, 2H, ph-H), 8.66 (s, 1H, ph-H), 

8.70 ~ 8.07 (m, 9H), 7.22 (s, 4H), 4.41 (s, 2H, NH-CH2-CO) 3.94 (t, J = 6.5, 8H, O-

CH2), 3.83 (t, J = 6.5, 4H, O-CH2), 1.75 (m, 8H, OCH2-CH2), 1.63 (m, 4H, OCH2-

CH2-CH2), 1.44 (m, 12H, OC-CH2-CH2-CH2),1.28 (m, 48H, other methylene), 0.85 

(m, 18H, CH3); 
13C NMR((CD)3SO+5% (v/v) CH3OD, 25οC) δ = 169.05, 167.70, 

165.00, 153.17, 136.11, 135.22, 134.40, 131.82, 131.36, 130.92, 129.70, 129.20, 

128.13, 127.27, 126.32, 125.61, 125.25, 125.04, 122.83, 120.98, 99.859, 73.80, 

44.42, 32.00, 31.92, 30.36, 29.65, 29.47, 29.38, 26.20, 22.73, 14.09.  

 

3.5  Conclusion 

In this chapter, the experimental details and characterization data have been reported. 
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Next chapter will focus on the investigation of the properties of G3 dendrimer/PLA 

composite materials.  
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CChhaapptteerr  44    EEffffeeccttss  ooff  GG33  PPhhoosspphhoorruuss  

DDeennddrriimmeerr  oonn  aa  PPoollyyllaaccttiiddee  CCoommppoossiittee  

SSyysstteemm  

4.1  Introduction 

PLA has aroused increasing scientific and industrial interest, not only for its 

biomedical applications but also for its potential large-scale uses, such as packaging 

and many consumer goods.[1] However, its inherent brittleness and low toughness 

pose considerable scientific challenges and limit its application array.[2-5] Various 

approaches including copolymerization and blending have been adopted to address 

the problems.[6] However, a drastic sacrifice of strength and other performances, 

such as lowered Tg, were often induced in previous research. Recently, Rahul 

Bhardwaj and coworkers have modified PLA by in situ crosslinking of functional 

hyperbranched polymer in the PLA matrix.[7] Other approaches based on the uses of 

hyperbranched polyamide and hydroxyl terminated hyperbranched polymers as the 

additives were also investigated and developed.[8-9] Such successes have brought a 

new direction to moderate the properties of PLA with less side effects endowed.  

 

Compared with hyperbrached polymers, dendrimers are of special properties 

including well-controlled molecular size, predictable molecular weight, low viscosity, 

high surface area to volume ratio, and rich functionality make them highly promising 

to be property modifiers for bulk polymer materials. 
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Scheme 4.1.  Chemical Structure of G3 Phosphorus Dendrimer.  

 

The synthesis of phosphorus dendrimers (Scheme 4.1) was first reported in 1994 by 

Jean-Pierre Majoral.[10] Since the special properties such as, predictable shape 

changes as a function of molecular weight, lower viscosities, nanosized molecules 

and dendritic architecture, dendrimer have great potential act as special modifier of 

polymer. However, no research related to the phosphorus dendrimer/PLA blends or 

copolymer system has been reported. Therefore, the necessary to investigate the 

phosphorus dendrimer/PLA system are required.  
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4.2  Results and Discussion 

4.2.1  Synthesis of G3 Phosphorus Dendrimer  

Among the reported synthetic methods for phosphorus dendrimers, the two steps 

approach has been chosen for the G3 dendrimer synthesis as shown in Scheme 4.2. 

Sodium salt of 4-hydroxybenzaldehyde was added to halogenated phosphane 

sulphide, followed by treatment of the resulting polyaldehyde with dichloro 

(methylhydrazino) phosphate sulphide. The elaboration to the first-, second- and 

third-generation molecules was accomplished by the repetition of these two steps. In 

each reaction cycle, terminal aldehyde groups and then terminal 

dichlorothiophosphoryl groups were introduced quantitatively for the sequent 

reactions. Upon this approach, the G3 compound and the intermediates were isolated 

in good yields and retained good solubility in organic solvents (e.g., chloroform, 

THF, etc.). In addition to the 1H and 13C, the structure of the G3 dendrimer was 

characterized by means of 31P NMR spectroscopic study (Figure 4.1). 

 

Generation n
    (P-Cl)

3(2n ) NaO
O

H

THF
Generation n
     (CHO)

Generation n+1
    (P-Cl)

3(2n ) compound 3.1

DCM
Generation n
     (CHO)

  

Scheme 4.2.  The general dendrimer synthesis. 
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Figure 4.1.  P31-NMR of the G3 phosphorus dendrimer. 

 

4.2.2  Dynamic Rheological Properties 

It was reported that several hyperbranched polymers could affect rheological 

behavior of a matrix polymer by disrupting the copious entanglements of the linear 

polymer chains [11] or forming specific interactions with the polymer matrix.[12-13] To 

clarify the effect of the phosphorus dendrimer, a comprehensive rheological study 

has been carried out. Figure 4.2 shows the melt viscosity of neat PLA and the blends 

with various amounts of G3 phosphorus dendrimer as a function of frequency at 200 

oC. The complex viscosity (η*) of neat PLA was insensitive to the low frequency but 

with a slight decrease at higher frequency (almost Newtonian behavior). Conversely, 

the blends turned out to behave in a different manner that the η* decreased linearly 

with the increase in frequency, showing a shear-thinning behavior. At low 

measurement frequencies, where the measurement is sensitive to the change of the 
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structure of material, the η* values obtained for the blends were obviously higher 

than that for neat PLA. However, this η* discrepancy became much smaller at higher 

frequencies.  

 

 

 

Figure 4.2.  Complex viscosity of PLA and dendrimer/PLA blends at various 

weight ratios against frequency.  

 

The phenomenon indicates the presence of extra forces in the system, i.e., strong 

intermolecular interactions formed between the dendrimer molecules and PLA 

polymer chains, where similar behaviors were also observed in other hyperbranched 

systems.[14,15] This might attribute to the polar characteristics of P=S and phenyl 

units of the phosphorous dendrimers.[16] It is thus believed that the polar interaction 

between P=S of the dendrimer and C=O of PLA and the interaction between their 

phenyl and C=O are possibly involved in the blending. In agreement with Mora et. al 

0.1 1 10 100
103

104

105

D/P(10%)

neat PLA
D/P(2.5%)
D/P(5%)

C
om

pl
ex

 v
is

co
si

ty
 η

∗ 
(P

a.
S)

 

Frequency ω (rad/s)



- 84 - 

[17],there might be the presence of electron-electron induction between benzene ring 

and carbonyl group. Similar kind of interactions were also reported in the systems of 

poly(2,6-dimethyl-1,4-phenylene) oxide and polystyrene[18-19]as well as 

poly(vinylmethyl ether) and polystyrene.[20-21] Moreover, the structure of the G3 

phosphorous dendrimer is somewhat open and floppy that allows the dendrimer to 

interact with PLA polymer chains readily. These interactions can thus play an 

important role in the η∗ behavior change from the Newtonian to the shear-thinning 

for the final blends. Similar η∗ changes were also observed in PLA/layered silicate 

nanocomposite systems.[22-23] Besides, further increase of the demdrimer content 

leads to a decrease in melt viscosity of the blends, which might be attributed to the 

low η∗ of G3 dendrimer itself. Further viscosity drop can be seen when the 

dendrimer content reaches 10 wt%.  

 

There are two parts in complex viscosity: the loss modulus G” and the storage 

modulus G’.[24] The viscous part of the complex melt viscosity is described by G”, 

while the elastic part is represented by G’. As shown in Figure 4.3, in general, loss 

moduli of dendrimer/PLA composite materials are greater than that of neat PLA, but 

the degree of the increased G” decreases with increase of the denerimer content. 

Similar results were also found in storage moduli as shown in Figure 4.4.  
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Figure 4.3.  Loss modulus G” of PLA and the blends with various contents of 

dendrimer vs. frequency.  
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Figure 4.4.  Storage modulus G’ of PLA and the blends with various contents of 

dendrimer vs. frequency. 
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The effect of the dendrimer component on the rheological behavior of PLA can also 

be recognized from a plot of G’ vs G”, which is termed a Cole-Cole plot. A Cole-

Cole plot is useful for comparing the differences in elastic and viscous properties in 

low frequencies, where the linear viscoelastic data are most sensitive to difference in 

structure. The intersection (G’ = G”) determines the transition from a more viscous 

behavior (G’ < G”) to a more elastic behavior (G’ > G”) or vice versa. As shown in 

Figure 4.5, neat PLA exhibits a predominantly viscous behavior (G’ < G”) rather 

than an elastic behavior, but the blends behave differently which demonstrate mainly 

elastic behaviors. The elastic parts of the blends were greatly improved upon 

addition of dendrimer, especially at lower frequencies. A reason for this effect may 

be associated with the molecular interactions formed between PLA and dendrimer.  
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Figure 4.5.  Cole-Cole plot of PLA and the blends with various contents of 

dendrimer.  
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Brief Summary:  

1) Neat PLA exhibits almost Newtonian behavior while all the blends show a shear-

thinning tendency, suggesting the existence of specific molecular interactions in the 

system.  

 

2) Higher amount of dendrimer added leads to a less increase in complex viscosity. A 

reason for this may be related to the low complex viscosity of phosphorous 

dendrimer. 

  

3) Cole-cole plot shows the elastic behavior comes into predominance upon the 

addition of dendrimer, which is probably resulted from the presence of dipolar 

interaction between dendrimer and PLA 

 

4.2.3  Mechanical Properties and Toughening 

As mentioned, the major disadvantages of PLA come to its inherent brittleness and 

low toughness, which hinder its access to a variety of applications. By adding the 

dendrimer in PLA, however, such properties can be improved remarkably. The 

stress-strain dependence of neat PLA and the blends, and the average values of their 

tensile stress and elongation at break are shown in Figures 4.6 and 4.7. It can be seen 

that neat PLA exhibits a typical brittle fracture with tensile strength of 57.9 MPa and 

elongation of 4.24% at break in nature. The addition of dendrimer induces the 

change of PLA from a brittle fracture to a more ductile fracture, where both the 

tensile strength and strain at break are improved. When 5 wt% of dendrimer was 

added, a tensile strength and elongation up to 80 MPa and 20% at break can be 

attained, respectively. These are about 35% and 5 times improvements from the 

original. It is known that increasing strain of a matrix material is always 
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accompanied by a drastic reduction in strength. However, the unique phenomenon 

observed in this system was seldom reported in the previous studies of PLA.  
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Figure 4.6.  Tensile stress-strain curves of dendrimer/PLA blends with various 

contents of dendrimer. 
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Figure 4.7.  Mechanical properties of PLA with various contents of G3 dendrimer.  

 

4.2.4  Phase Morphology 

To further study the toughening mechanism of the phosphorus dendrimer blended 

system, the fracture surfaces of the impact specimens were examined by SEM. As 

shown in Figures 4.8 and 4.9, neat PLA displays a rather smooth brittle fracture 

surface with very little plastic deformation. On the contrary, large extents of 

plastically deformed regions appear on the blend specimens (Figures 4.10-20). 

Moreover, phase separation can be observed when as low as 2.5 wt% of dendrmer 

was included. The reason for such phase separation might be that the unique three-

dimensional dendritic structure and heteroatom repeated branching units of 

phosphorous dendrimer, which is quite different from the linearly PLA, causing self-

aggregation of the dentrimer molecules in the matrix. 
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Figure 4.8.  SEM micrograph of fracture surface of neat PLA. 

 

 

Figure 4.9.  SEM micrograph of fracture surface of neat PLA. 
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Figure 4.10.  SEM micrograph of fracture surface of the blend with 5 wt% 

dendrimer. 

 

 
Figure 4.11.  SEM micrograph of fracture surface of the blend with 5 wt% 

dendrimer. 
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Figure 4.12.  SEM micrograph of fracture surface of the blend with 5 wt% 

dendrimer . 

 

As shown in Figures 4.10-12, the PLA composite with 5 wt% dendrimer, which 

holds the highest strength, exhibits a unique phase morphology. Oval cavities 

enclosing dendrimer-based round particles are presented on the entire surface of the 

sample. Most of the structure has a rough diameter around 1.7 μm and the particles 

are finely dispersed in the PLA matrix, demonstrating a plastic deformation effect. 

Debonding of the round dendrimer particles from the PLA matrix under the tensile 

stress is clearly observed. 
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Figure 4.13.  SEM micrograph of fracture surface of the blend with 2.5 wt% 

dendrimer. 

 

 

Figure 4.14.  SEM micrograph of fracture surface of the blend with 2.5 wt% 

dendrimer. 
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Figure 4.15.  SEM micrograph of fracture surface of the blend with 2.5 wt% 

dendrimer. 

 

For the blends with 2.5 wt% and 10 wt% dendrimer, which hold weaker improved 

strengths than with 5 wt%, SEM examination also reveals the similar particulate 

structures but with different particle size and dispersal. As shown in Figures 4.13-15, 

in the blend with 2.5 wt% dendrimer, the polymer matrix experiences tremendous 

plastic deformation along the stress direction. Smaller particles (~700 nm in diameter) 

are observed, and most of them appear on the surface rather than caving in the PLA 

matrix. By contrast, the particles found in the blend with 10 wt% dendrimer are 

much bigger in size (~4μm in diameter), as illustrated in Figures 4.16-18. 
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Figure 4.16.  SEM micrograph of fracture surface of the blend with10 wt% 

dendrimer. 

 

 

Figure 4.17.  SEM micrograph of fracture surface of the blend with 10 wt% 

dendrimer. 
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Figure 4.18.  SEM micrograph of fracture surface of the blend with 10 wt% 

dendrimer. 

 

It is also found that some fibril structures appear at the interface between the 

dendrimer particles and the PLA matrix, suggesting that certain phase adhesion 

between the dendrimer particle and the PLA matrix exists.[23] It is believed such 

adhesion force is as a result of the molecular interactions between the dendrimer and 

PLA. However, further increasing the filler content, e.g., to 12.5 wt%, in the blend 

leads to dissimilar morphology, in which the traces of plastic deformation become 

obscure on the fracture surface, as illustrated in Figures 4.19-21. This may explain 

why the mechanical properties of the blend were deteriorated when the dendrimer 

content was too high.  
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Figure 4.19.  SEM micrograph of fracture surface of the blend with 12.5 wt% 

dendrimer. 

 

 

Figure 4.20.  SEM micrograph of fracture surface of the blend with 12.5 wt% 

dendrimer. 
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Figure 4.21.  SEM micrograph of fracture surface of the blend with 12.5 wt% 

dendrimer. 

 

It is well-recognized that toughness implies energy absorption either by the polymer 

matrix or by the modifier particles. The matrix can yield energy by shear yielding 

and/or massive crazing, while the modifier particles are capable of absorbing energy 

by cavitation and ductile tearing of the particles.[21,26] In this work, since the 

dendrimer-based particles have different elastic properties from the PLA matrix, they 

act as stress concentrators. Due to the stress concentration, a higher triaxial stress 

builds up inside the particles. The particle/matrix interfacial adhesion in the system 

allows the stress to be relieved by debonding under tensile stress, and so the cavities 

arise in the matrix. These voids alter the stress state of the surrounding PLA matrix, 

inducing a shear yielding. Therefore, considerable strain energy can be absorbed in 

the system resembling a high-energy-absorbing mechanism.[27] It was reported that 

most toughness effects were size-dependent and were also related to particle 

distribution. The effective particle diameter for many dispersed phase toughened 
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composites was in a range between 500 nm and 10 μm.[28] Poor particle dispersion 

often resulted in inefficient local yielding initiation and crack. In this work, the 

formation of the finely dispersed dendrimer particles bearing the above two criteria 

is believed to be an account for the remarkable toughness effect observed in the 

blend with 5 wt% dendrimer.  

 

Brief Summary: 

1) Considerate mechanical improvement of PLA has been achieved by the 

corporation of G3 phosphorus dendrimer. 

 

2) The change of the failure mode from brittle facture of neat PLA to ductile fracture 

of the blends has been demonstrated in the mechanical properties and fracture 

surface microscopic studies.  

 

3) By adding 5 wt% of dendrimer in the blend, the strain at break was improved 

nearly by 5 times, and the tensile strength was improved by 35%. Fine dispersion of 

the dendrimer particles in the polymer matrix is considered as the key factor for the 

toughening process.   

 

4.2.5  Thermal Analysis 

4.2.5.1  Non-isothermal Crystallization 

Crystallization of PLA is of great technological importance because it has close 

relationships with mechanical properties and degradation rate. Therefore, the 

influence of dendrimer of third generation on crystallization behavior of PLA was 

investigated. 
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The thermal properties of PLA and PLA/dendrimer blends were investigated by 

means of differential scanning calorimeter. Figure 4.22 shows a DSC trace for neat 

PLA that displays a shift on the signal baseline related to the glass transition, two 

exothermic peaks associated with the cold and regular crystallization, respectively, 

and an endothermic melting peak. Figure 4.23 shows a comparison of the second 

heating scans of DSC thermograms for PLA and the blends measured at a heating 

rate of 10oC/min. Table 4.1 summarizes the results obtained from the heating runs for 

all the samples.  
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     Figure 4.22.  DSC traces record of neat PLA. 

 

Although DSC is known to be not sensitive to small enthalpy change,[30] the changes 

corresponding to glass transition temperatures (Tg) of the samples can be detected in 

the measurements. Tg of neat PLA was 60.5 oC, while that of neat G3 phosphorous 

dendrimer was found to be around 121.2 oC. These data is in a good agreement with 
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those reported previously.[29] Adding dendrimer may cause phase separation in the 

blends, but only one Tg can be distinguished for each sample. A possible reason is 

that the Tg heat change of the dendrimer added overlaps with Tc of the blends, which 

are around 115 oC. On the other hand, as can been seen, the presence of dendrimer 

did shift Tg to higher temperature. This is good evidence showing that substantial 

intermolecular forces have been formed in the system.   
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Figure 4.23.  DSC traces of PLA and PLA blends with various G3 dendrimer 

contents. 

 

All samples showed exothermic peaks attributed to the cold crystallization. The 

corresponding temperature is known as the cold crystallization temperature (Tcc). It 

was noted that neat PLA presented Tcc at 104.6 oC. Upon the additions of 2.5 wt%, 

then 5 wt% dendrimer, Tcc increased from 104.6 oC to 109.6 oC. However, further 

increasing the content of dendrimer did not change Tcc anymore. Similar trends can 
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also been observed when comparing their crystallization temperatures, Tc, in which, 

Tc did not move further after reaching 103.7 oC for the blend with 5 wt% dendrimer. 

The increased Tc and Tcc imply that the crystallization rate of PLA becomes slower. 

The polar interactions between dendrimer and PLA decrease the mobility of PLA, 

and thus, affect its crystallizability.    

 

It was found that the melting points, Tms, of all the blends were similar to that of neat 

PLA, but the degree of crystallization (X %) of the blends decreases with the 

increase in dendrimer content. It can be explained by a dilution effect of the 

amorphous phase of dendrimer introduced into the system. The analogous 

supercooling temperature (Tm-Tcc) in non-isothermal crystallization from the melted 

state, a characteristic temperature, T = Tcc-Tg, was introduced to describe the 

kinetic crystallizability during the non-isothermal crystallization process from the 

glass state. A higher T value indicates a lower kinetic crystallizability in the range 

of Tg to Tm. As can be seen in Table 4.1, T values of the blends are higher than that 

of the pure PLA, indicating that the kinetic crystallizabilities of the blends are lower. 

 

Table 4.1.  Thermal Parameters of PLA and the Blends. 

Dendrimer 
content (wt%) 

Tg(/
oC) T(/oC) Tcc(/

oC) Tc(/
oC) Tm(/oC) X(/%) 

0 60.5 44.1 104.6 99.7 177.3 49.58 
2.5 61.3 46.2 107.5 102.2 177.8 43.37 
5 61.9 47.7 109.6 103.7 177.8 41.60 
10 62.1 47.3 109.4 103.7 178.4 41.04 

12.5 61.9 47.5 109.4 102.8 177.9 40.29 
100 (neatG3) 121.2 -- -- -- -- -- 

 

4.2.5.2  Isothermal Crystallization 

To further clarify the effects of phosphorus dendrimer on the crytalliability of PLA, 
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isothermal crystallization kinetic study was carried out. To describe them, the 

classical Avrami equation was used:[31]  

 

   Xt  =  exp (- Kt n)                                 (1) 

 

where, Xt is the amount of crystallized material or the conversion degree to 

crystalline phase, n is the Avrami exponent, and K is an Avrami parameter depending 

on the geometry of the growing crystalline phase. The plot of log (-ln(1-Xt)) against 

log t thus allows us to determine K and n, which are a function of growth geometry 

and equal to the growth dimensionality plus one, respectively.  

 

Table 4.2.  Kinetic Crystallization Parameters of PLA and the blends at Isothermally 

Crystallized Temperature, 112 °C. 

Dendrimer 
content (wt%)  

n K(min-1) t1/2(min) 

0 2.48 5.16e-6 2.07 
2.5  2.73 5.56e-7 2.75 
5  2.81 2.52e-7 3.17 
10  2.89 2.12e-7 3.58 

12.5  2.74 3.20e-7 3.32 

 

As shown in Figurer 4.24, each set of the data exhibits a good linear relationship, 

suggesting that their isothermal crystallization kinetics are in good agreement with 

the Avrami equation, and the secondary crystallization was not obvious. The n, K, 

and crystallization half-life (t1/2) values obtained from the lines are summarized in 

Table 4.2. The Avrami exponent, n, varies between 2.48 and 3.58, indicating that the 

crystallization mode is of three-dimensional growth.[32] t1/2 is defined as the time at 

which 50% of the normalized crystallinity is reached. The smaller K and the larger 

t1/2 indicates the lower the crystallization rate realized with the addition of 

phosphorus dendrimer, which are consistent with the findings in the non-isothermal 
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crystallization study. 

 

Figure 4.24.  Effect of dendrimer content on isothermal crystallization of PLA at 

112°C. 

 

4.2.5.3  Dynamic Mechanical Thermal Analysis 

It is the general experience that dynamic mechanical thermal analysis, DMA, is 

preferable to DSC as a means of detecting Tg(s) and its (their) change because of 

higher sensitivity. Figure 4.25 shows the loss modulus (E”) and Tan δ as a function 

of temperature for PLA and the blends. In general, the temperature of the peak of E” 

associated with Tg of PLA (at ~ 60°C) increases slightly with the increase of 

dendrimer content, particularly reaching 12.5 wt%. However, a second E” peak at 

around 145 oC appears for each of the blends. The more the dendrimer content in the 

blend is, the bigger the peak can be observed. This peak should be associated to Tg as 

neat PLA 
D/P 2.5% 
D/P 5% 
D/P 10% 
D/P 12.5% 
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referring to the DSC data. These phenomena suggest that phase separation occur 

between the PLA matrix and the dendrimer filler in the system. On the other hand, 

the Tanδ  peak associated with Tg of PLA shifts to higher temperature with the 

increase of dendrimer content, and at the same time, the second peak corresponding 

to Tg of dendrimer shifts to lower temperature. This indicates that partial miscibility 

between dendrimer and PLA occurs as a result of their strong molecular interactions.  
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Figure 4.25.  Dynamic mechanical relaxation behavior of PLA and the blends: (a) 

E”; (b) tanδ. 

 

Brief Summary:  

1) The non-isothermal crystallization investigation showed that the G3 phosphorous 

dendrimer moved Tcc to higher temperature and reduced the crystallization rate of 

PLA, indicating that intermolecular polar induction between dendrimer and PLA 

exists. Besides, only one Tg can be found in each of the blends.  

 

2) The isothermal crystallization study presented that the crystallization modes of all 

the blends were of three-dimensional growth and the crystallization rate of PLA 

decreased with the addition of phosphorus dendrimer. 

 

3) The DMA investigation demonstrated that as Tg of PLA shifted to slightly higher 

temperature with increasing the load of phosphorus dendrimer, the second peak 

around 145 oC ascribed to Tg of phosphorous dendrimer appeared, indicating that 
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interactions between PLA and dendrimer exist in the system along with phase 

separation. 

 

4.3  Conclusion 

This chapter presented the synthesis of the phosphorous dendrimer of generation up 

to fourth, and the study of the effects of G3 dendrimer as the filler to modify 

properties of bulk PLA. This dendrimer improved the tensile strength of PLA by 

35% and elongation at break by 8 times at the same time through a toughness effect. 

This simultaneous improvement in both strain and strength of PLA by dendrimer 

was reported for the first time. DMA and SEM investigations proved that phase 

separation occurred between the dendrimer and PLA. G3 phosphorous dendrimer in 

a form of finely dispersed particles functioned as stress concentrator in PLA matrix. 

Rheological and DSC studies indicated the existence of polar interactions between 

dendrimer and PLA, which may be responsible for the fibril structures formed on the 

interface between the dendrimer particles and the PLA matrix. The results of 

efficient particle size, good dispersion, and suitable interfacial adhesion forces were 

considered as an account for the toughness effect.  
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CChhaapptteerr  55    EEffffeeccttss  ooff  GGeenneerraattiioonn  aanndd  TTyyppee  

ooff  EEnndd  GGrroouuppss  oonn  tthhee  PPrrooppeerrttiieess  ooff  

DDeennddrriimmeerr//PPLLAA  CCoommppoossiittee  MMaatteerriiaallss  

5.1  Introduction 

Dendrimers with predictable three-dimensional architectures have attracted much 

attention over the past decades. The applications of dendrimers in various areas are 

dramatically increased.[1-6] PAMAM dendrimers, for example, have been 

comprehensively investigated as diagnostic tools and drug carriers.[7-8]  

 

Because of their highly functionalized globular structures, monodispersed 

dendrimers exhibit different properties from their linear counterpart, such as less 

entanglement in the solid state,[9-14] high solubility in various solvents, and low melt 

viscosity.[15-19] Terminal groups and molecular size (generation) of dendrimers have a 

great influence on their physical properties such as Tg,
[20-24] relaxation process, 

viscosity, and solubility.  

 

In this chapter, the effects of types of end groups and generations of the dendrimer 

on the properties of the PLA composite system were investigated. The chemical 

structures of the dendrimer employed for the studies in this chapter are illustrated in 

Scheme 5.1. 
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Scheme 5.1.  Chemical Structure of G0.5, G1, G2.5 and G3 Phosphorus Dendrimer.  

 

5.2  Results and Discussion 

5.2.1 Dynamic Rheological Properties 
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Figure 5.1.  Complex viscosity of PLA and the blends with various generation 

phosphorus dendrimers in the content of 5 wt%. 

 

Rheological dynamic property of neat PLA and the phosphorus dendrimers 

composite samples in different generations at a load of 5 wt% is shown in Figure 5.1. 

The complex viscosity of neat PLA was insensitive to low measurement frequency 

change and only show a slight decreases against increasing frequency. Similar to the 

previous G3 system, all blends prepared for this study exhibited a characteristic of 

shear thinning flow, implying that a specific interaction exists in the system. The 

lower generation phosphorus dendrimers with open and floppy structures allow the 

possibility of these interactions. The blends with G0.5 and G1 phosphorous 

dendrimers showed lower viscosities than that of neat PLA in the higher frequency 

range (ca. 7~100 rad/s), suggesting that better processibility can be achieved with 

these dendrimers at high frequency.  
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In general, the η* value increases with increasing generation of the dendrimer at all 

frequencies. However, the η* of G3 dendrimer blend decreased with increasing 

frequency.  It was found to be much faster than that of the G2.5 dendrimer blend. A 

reason for this result could be related to the difference of end groups between the 

phosphorus dendrimers, where aldehyde end groups on G2.5 dendrimer are less 

polar than dichlorothiophosphoryl groups (Cl2P=S) on the G3 one. Compared with 

the G2.5 system, stronger interaction between dendrimer and PLA could be formed. 

Similar phenomenon was also observed between the G0.5 and G1 systems. Figures 

5.2 and 5.3 show the effects of the type of dendrimer end groups on complex 

viscosity of the blends. As seen from the figures, these curves are nearly parallel to 

each other, which further demonstrate the dependence of complex viscosities of the 

blends on the types of end groups incorporated on the dendrimers.  
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Figure 5.2.  Complex viscosity of PLA and the blends with G0.5 and G2.5 

dendrimers in the content of 5 wt%. 
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Figure 5.3.  Complex viscosity of PLA and the blends with G1 and G3 

dendrimers in the content of 5 wt%. 

 

The storage modulus G’ and loss modulus G” of various dendrimer/PLA (with 5 

wt% dendrimer) blends vs. frequency are illustrated in Figures 5.4–5.9. G0.5 and G1 

dendrimers enhanced processability slightly of the blends as indicated by the 

decrease in G’ (and G’’) at higher frequency when compared with that of neat PLA. 

It was also noted that the effects of generation and type of end groups on G’ and G’’ 

were visible and this tend was similar to that of the complex viscosity. 
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Figure 5.4.  Storage modulus G’ of PLA and the blends with various generation 

phosphorus dendrimers in the content of 5 wt%. 
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Figure 5.5.  Storage modulus G’ of PLA and the blends with aldehyde-end-group 

dendrimers at ratio of 5 wt%. 
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Figure 5.6.  Storage modulus G’ of PLA and the blends with 

dichlorothiophosphoryl-end-group dendrimers in the content of 5 wt%   
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Figure 5.7.  Loss modulus G’ of PLA and the blends with various generation 

phosphorus dendrimers in the content of 5 wt%. 
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Figure 5.8.  Loss modulus G’ of PLA and the blends with aldehyde-end-group 

dendrimers in the content of 5 wt%. 
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Figure 5.9.  Loss modulus G’ of PLA and the blends with dichlorothiophosphoryl-

end-group dendrimers in the content of 5 wt%. 
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The Cole-Cole plot is given in Figure 5.10 and is used to analyze the differences in 

elastic and viscous properties between neat PLA and the blends. While the 

intersection (G’ = G”) determines the transition from more viscous behavior (G’ < 

G”) to more elastic behavior (G’ > G”) or vice versa, neat PLA exhibits a 

predominantly viscous behavior, especially at low measurement frequency. The 

addition of phosphorous dendrimers increases the elastic part (storage modulus G’) 

of the blends. The higher the generation is, the more improvement of the elastic 

behavior for the materials is showed. When G3 dendrimer was used, elastic behavior 

can come into predominance, especially at higher measurement frequency. In 

addition, the increases of G’ were greater for the blends with G1 and G3 dendrimers 

(dichlorothiophosphoryl-end-groups attached) than those for the blends with G0.5 

and G2.5 dendrimers (aldehyde-end-groups attached), which also may be the results 

of stronger dipole interactions of dichlorothiophosphoryl end groups.  
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Figure 5.10.  Cole-Cole plot of PLA and the blends with 5 wt% of different 

generation dendrimers. 
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Brief summary: In the rheological study, all blends exhibited a characteristic of 

shear thinning flow, and the η* of the blends with the dendrimers containing 

dichlorothiophosphoryl-end-groups decreased with increasing frequency much faster 

than that with dendrimers containing equal amounts of aldehyde end groups, which 

is probably in consequence of the stronger interactions between PLA and the 

dendrimers with dichlorothiophosphoryl end groups than with aldehyde ends groups. 

At higher frequency, the blends with G0.5 and G1 phosphorous dendrimers showed 

lower complex viscosities than neat PLA, suggesting enhanced processbility of the 

blends. 

  

5.2.2  Non-isothermal Crystallization 

The influences of phosphorus dendrimers with different sizes on crystallization 

behavior of PLA were investigated in this section. DSC was employed to assess the 

change of their crystallization behaviors.  

 

5.2.2.1  G0.5 Dendrimer/PLA System 

Figure 5.11 shows the second heating scans of DSC measurement for neat PLA and 

G0.5 dendrimer/PLA blends at a rate of 10oC/min. Table 5.1 summarizes the results 

obtained from these heating runs for all the samples. All blends exhibited only one 

single Tg, which, as a general trend, shifted slightly to lower temperature with the 

increased content of dendrimer. This suggests that G0.5 phosphorus dendrimer might 

be miscible with PLA and acted as a plasticizer for PLA in a way. Thus, due to its 

small molecular size, G0.5 phosphorus dendrimers can decrease the Tg through 

embedding themselves between the PLA chains, increasing the spacing and free 

volume, and allowing them to move past one another even at lower temperatures.  
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Table 5.1.  Thermal Parameters of PLA and G0.5/PLA Blends. 

Dendrimer 
content (wt%) 

Tg(
oC) Tcc(

oC) T(oC) Tc(
oC) Tm(oC) X(%) 

Neat PLA 60.5 104.6 44.2 99.7 177.3 49.58 
2.5 57.6 107.6 49.9 99.3 176.7 40.82 
5 56.4 110.8 54.4 98.5 175.5 37.44 
10 52.4 116.2 63.8 94.5 174.7 36.86 

12.5 51.4 116.5 65.1 93.5 174.0 37.08 
15 48.9 117.1 68.2 -- 173.3 36.48 
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Figure 5.11.  DSC traces of PLA and PLA blends with various contents of G0.5 

dendrimer  

 

As shown in Table 5.1, the Tm and crystallinity level X% for neat PLA are observed 

at 177.3 oC and at 49.58%, respectively. Addition of G0.5 dendrimer leads to 

decreasing of Tm and X%, which shift to 173.3 oC and 36.48%, respectively, with 15 

wt% dendrimer. Furthermore, the melting peak of PLA shows a transition from 

narrow to flat and broad with the increase of G0.5 dendrimer content. Two peaks 
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were even observed in the blend with 15 wt% dendrimer in Figure 5.11. Cold 

crystallization temperature (Tcc) of PLA represented an exothermic peak observed at 

106.6 oC in neat PLA was gradually moved to higher temperature as increasing the 

content of G0.5 dendrimer, and T ( T = Tcc - Tg) values of the blends were much 

higher than that of the neat PLA, indicating the low kinetic crystallizability of PLA 

in G0.5 dendrimer/PLA blends. All the results suggest that the PLA crystallization 

process in the blends is disturbed by G0.5 dendrimer, indicating the miscibility (or at 

least partial miscibility) between G0.5 dendrimer and PLA in the G0.5/PLA system. 

Similar investigation was also reported in other PLA blend systems.[25] 

 

Generally, decreased Tg was often accompanied with increased kinetic 

crystallizability and decreased Tcc, due to the enhanced PLA chain mobility. 

However, the opposite results were obtained in this research, indicating another 

factor which retards the crystalline rate would be existed. Ying Lin and his co-

workers report that the weak H-bonding between interaction PLA and hyperbranched 

poly (ester amide) disfavors the crystallization process of PLA.[26] In this research, 

the dipole interaction between dendrimer and PLA which have been demonstrated in 

rheological properties measurement might be responsible for the decreased Tcc, and it 

can be deduce that the intermolecular interactions might have a greater effect on the 

capacity of crystallization than the influence of the chain mobility.  

 

5.2.2.2  G1 and G2.5 Dendrimer/PLA Blends Systems 

Figures 5.12 and 5.13 show the second heating scans of DSC measurement for PLA, 

G1 and G2.5 dendrimer/PLA blends at a rate of 10oC/min. Tables 5.2 and 5.3 

summarize the results obtained from this heating run for all the samples. Neat G1 

and G2.5 dendrimer displayed a wide Tg around 67.5oC and 85.4 oC in DSC traces, 
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respectively. Only one Tg was found in all dendrimer/PLA blends. 
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Figure 5.12.  DSC traces of PLA and PLA blended with various contents of G1 

dendrimer   

 

Usually, the presence of one Tg for a blend is an indication of homogeneity on a 

molecular level and thus mechanical integrity. However, SEM (later part of this 

chapter) demonstrates phase separation occurred in G1 dendrimer/PLA and G2.5 

dendrimer/PLA blends. Several factors could be responsible for the single Tg 

observed by DSC. Some investigations reported [27] that the use of Tg for studying 

blend miscibility has its own limitations. For example, if both components have the 

same or very close Tg(s) (especially within 20K) or when a small quantity of one 

polymer is present in the mixture, some difficulties may be experienced in resolving 

the Tg (s). Moreover, it is well-known that DSC is not a sensitive method to detect 

Tg.
[28] 
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Figure 5.13.  DSC traces of PLA and PLA blended with various contents of G2.5 

dendrimer 

 

Upon addition of G1 dendrimer, the Tm of PLA was slightly decreased, from 177.3 

for neat PLA to 173.1oC for the blend with 12.5% dendrimer. However, a remarkable 

decrease was observed in the crystallinity of PLA, which was decreased to 24.06% 

in the blend with 12.5 wt% dendrimer, nearly half of that for neat PLA. Tcc was also 

depressed from 104.6 to 135.4 oC. T of the blends ( T = Tcc - Tg) increased from 

44.2 oC to 70.8 oC with 5 wt% dendrimer firstly, and then further decreased from 

70.8 to 74.0 oC in a much lower extent as the content of dendrimer increase from 5 

wt% to 12.5 wt%. These phenomena suggest that at some specific interaction such as 

dipolar induction between dendrimer and PLA could be existed in the blends to 

disturb the PLA chain folding and thus lower crystallization level.  
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Table 5.2.  Thermal Parameters of PLA and G1/PLA Blends. 

Dendrimer 
content (wt%) 

Tg(
oC) Tcc(

oC) T (oC) Tc(
oC) Tm(oC) X(%) 

Neat PLA 60.5 104.6 44.2 99.7 177.3 49.58 
2.5 61.0 117.2 56.1 100.5 176.4 37.08 
5 61.1 131.9 70.8 108.5 175.0 35.04 
10 61.4 131.1 69.6 -- 173.1 29.71 

12.5 61.4 135.4 74.0 -- 173.3 24.06 
100 67.5 -- -- -- -- -- 

 

Table 5.3.  Thermal Parameters of PLA and G2.5/PLA Blends. 

Dendrimer 
content (wt%)  

Tg (
oC) T(oC) Tcc(

oC) Tc(
oC) Tm(oC) X(%) 

Neat PLA 60.5 44.2 104.6 99.7 177.3 49.58 
2.5 61.8 45.5 107.3 102.7 177.8 40.73 
5 62.4 49.0 111.4 104..7 178.3 38.31 
10 62.2 48.1 110.3 103.0 178.9 36.25 

12.5 61.7 47.7 109.4 103.8 177.9 35.25 
100 85.4 -- -- -- -- -- 

 

In the G2.5/PLA blends, Tm of PLA show slightly changed. Tcc was increased from 

104.6 to 111.4 oC, and T was increased 44.2 oC to 49.0 oC with 5 wt% dendrimer. 

These data shows that the effect to decrease the crystallization rate of PLA for G2.5 

dendrimer was lower than that for G0.5 and G1 dendrimer, which could be attributed 

to the higher molecular weight and greater size of G2.5 phosphorus dendrimer 

leading to lower miscibility with PLA. 

 

Brief Summary:  

 

1) The DSC investigation showed that all dendrimer moved Tcc to higher temperature, 

slightly depressed Tm, and decreased the crystallization rate of PLA, which is 

probably related to the dipolar interaction between dendrimer and PLA. 

 

2) G0.5 phosphorus dendrimers acted as plasticizer decreased Tg, and the decrease 
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was enhanced by higher content of dendrimer. G1 and G2.5 dendrimer slightly 

decreased Tg due to the limited miscibility between dendrimer and PLA. 

 

5.2.3  Isothermal Crystallization 

5.2.3.1  G0.5 Phosphorus Dendrimer/PLA Blend System 

Isothermal crystallization kinetics from melt was also investigated by DSC to 

demonstrate the effect the phosphorous dendrimer on the crystalliablity of PLA. As 

the isothermal crystallization investigation of the G3/PLA blends, the classical 

Avrami equation below was also employed.[29]  

 

Xt = exp ( -Kt n )                                 (1) 
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Figure 5.14.  Isothermal crystallization of PLA and PLA blended with various 

contents of G0.5 dendrimer content at 112 °C. 
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Table 5.4.  Kinetic Crystallization Parameters of PLA and PLA blended with various 

contents of G0.5 dendrimer at Isothermally Crystallized Temperature112 °C 

Dendrimer content (wt%) n K(min-1) T1/2(min) 
neat PLA 2.48 5.17e-6 2.07 

2.5 2.52 2.82e-6 3.18 
5 3.00 7.51e-8 3.85 
10 2.84 6.59e-8 5.77 

12.5 2.93 3.15e-8 5.83 
15 2.64 1.33e-9 5.93 

 

The plot of log(-ln(1-Xt)) vs log t of G0.5/PLA blends at 112 oC are displayed in 

Figure 5.14. Each curve exhibits a good linear relationship, suggesting that the 

isothermal crystallization kinetics was in good agreement with the Avrami equation, 

and the secondary crystallization was not obvious. The n, K, and t1/2 values 

calculated from the lines are summarized in Table 5.4 The Avrami exponent n varied 

between 2.48 and 3.00, indicating that the crystallization mode is of three-

dimensional growth.[30] Crystallization half-life (t1/2) is defined as the time at which 

50% of the normalized crystallinity is reached. The smaller the K and the larger the 

t1/2 indicates the lower the crystallization rate with the addition of G0.5 phosphorus 

dendrimer, which are consistent with the improvement of T mentioned in non-

isothermal crystallization. The dipole interaction between dendrimer and PLA which 

have been demonstrated in rheological properties measure might account for the 

decreased crystallization rate. 

 

5.2.3.2  G1 and G2.5 Dendrimer/PLA Blends Systems 

Each curve of G1/PLA and G2.5/PLA blends is also exhibited good linear 

relationship in log(-ln(1-Xt)) vs log t plot showed in Figure 5.15, suggesting that the 

isothermal crystallization kinetics was in good agreement with the Avrami equation, 
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and the secondary crystallization was not obvious. 

 

Table 5.5.  Kinetic Crystallization Parameters of PLA and PLA blended with various 

contents of G1 dendrimer at Isothermally Crystallized Temperature112 °C 

Dendrimer content (wt%) n K min-1 T1/2(min) 
neat PLA 2.48 5.17e-6 2.07 

2.5 2.65 3.47e-7 3.85 
5 2.49 1.66e-7 7.70 
10 2.68 3.80e-8 9.62 

12.5 3.02 5.13e-9 8.35 
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Figure 5.15.  Isothermal crystallization of PLA and PLA blended with various 

contents of G1 dendrimer at 112 °C. 

 

Kinetic crystallization parameters of G1/PLA blends are demonstrated in Table 5.5. 

Three-dimensional growth of crystallization mode was indicated by the Avrami 

exponent n varying between 2.48 and 3.00. G1 dendrimer also decrease the Avrami 
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parameter K, which was enhanced by increased content of dendrimer, and the reverse 

was also true when came to t1/2 . 

 

 

Figure 5.16.  Isothermal crystallization of PLA and PLA blended with various 

content of G2.5 dendrimer content at 112 °C. 

 

Table 5.6.  Kinetic Crystallization Parameters of PLA and PLA blended with various 

contents of G2.5 dendrimer at Isothermally Crystallized Temperature112 °C 

Dendrimer content (wt%) n K(min-1) T1/2(min) 
neat PLA 2.48 5.17e-6 2.07 

2.5 2.78 4.50e-7 2.68 
5 2.44 1.54e-6 3.43 
10 2.73 5.56e-7 3.72 

12.5 2.58 8.52e-7 2.80 

 

Kinetic crystallization parameters of G2.5/PLA blends in table also show three-

dimensional growth of crystallization mode with avrami exponent n varying between 

2.48 and 2.80. The Avrami parameter K is decreased in the blend with 2.5 wt% 

neat PLA 
D/P (2.5%) 
D/P (5%) 
D/P (10%) 
D/P (12.5%)
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dendrimer. However, further addition of dendrimer slightly decreases the K which 

might be due to the limited miscibility between G2.5 dendrimer and PLA. 

 

Brief summary: Each curve exhibited good linear relationship, suggesting that the 

isothermal crystallization kinetics is in good agreement with the Avrami equation, 

and the secondary crystallization is not obvious. Avrami exponent n varied between 

2.5 and 3.0, indicating that the crystallization mode is of three-dimensional growth. 

The smaller the K and the larger the t1/2 indicates the lower the crystallization rate 

with the addition of phosphorus dendrimer resulted from intermolecular interactions 

between dendrimer and PLA. 

 

5.2.4  Polarized Optical Microscopy  

The crystallization behaviors of neat PLA and the blends were further investigated 

using a polarized optical microscope. As shown in Figure 5.17, neat PLA and its 

blends with the dendrimers, irrespective of their generation, show spherulites, which 

were grown isothermally at 140 oC. The density of the crystal nucleus formed in G1 

dendrimer/PLA blend was much lower than that in neat PLA, and a relatively 

smaller decrease can be found in G0.5 dendrimer/PLA blend. Such findings are 

consistent with the earlier DSC study demonstrating a decrease in crystallization rate 

upon the addition of the dendrimer. In the blends with the G2.5 and G3, higher 

nucleus density of the crystallites can be observed. However, the radius of the 

spherulites formed is dramatically reduced. Smaller spherulites are in favor of the 

overcoming brittleness, and as a consequence, toughness can be improved.  
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(e)                                                                 (f) 
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Figure 5.17.  Polarized optical microscopy images of neat PLA (a, b) and the blends 

with 5 wt% of G0.5 dendrimer (c, d), G1 dendrimer (e, f), G2.5 dendrimer (g, h), 

and G3 dendrimer (i, j). The blends were isothermally crystallized at 140oC for 10 

min (a, c, e, g) and 20 min (b, d, f, h). 

 

5.2.5  Dynamic Mechanical Thermal Analysis 

5.2.5.1  G0.5 Dendrimer/PLA Blends System 

Dynamic mechanical thermal analyses of dendrimer/PLA blends were also 

conducted. The dynamic mechanical relaxation behaviors of PLA and 

PLA/dendrimer blends are presented by the temperature dependence of loss tangent 

tanδ and loss modulus E”. 
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Figure 5.18.  Dynamic mechanical relaxation behavior of PLA and G0.5 /PLA 

blends: (a) E”; (b) tanδ 
 

Figure 5.18 illustrates the dynamic mechanical relaxation behavior of PLA and 

G0.5/PLA blends. As temperature increased, the curves of loss modulus display a 
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maxima corresponding to the α relaxation (associated with the glass transition) of 

the amorphous phase. The glass transition reflected by tanδ and loss modulus E” 

peaks are clearly visible for all of the materials studied. Similar to Tg measured in 

DSC, the peak temperatures of E”of G0.5/PLA blends showed in Figure 5.18 are 

also decreased with the increasing of G0.5 dendrimer. However, when the content of 

dendrimer is higher than 10 wt%, a much broadened loss modulus peak is observed. 

Furthermore, Tanδ glass transition peak temperature displayed a secondary peak 

around -4 oC appeared, indicating that phrase separation is possibly occurred in the 

blend with higher content of dendrimer. The Tg values obtained by DMA are not 

exactly the same as those given by DSC. Such discrepancies have been reported and 

discussed by many authors for various polymeric systems.[32] They are ascribed to 

the kinetic nature of the glass transition, the heating rate and loading frequency 

utilized in DSC and DMA experiments being different in terms of molecular mobility. 

The temperatures of all tanδ  peaks exceed by around 10 degrees the Tg values 

determined from DSC; whereas the peak temperatures in E” correlate closely with Tg 

from DSC. It is known that 1 Hz DMA data may correspond to a DSC heating rate in 

the 20-40 K/min range, [28] higher than used here (10 K/min).  

 

5.2.5.2  G1 and G2.5 Dendrimer/PLA Blends Systems 

Figures 5.19 and 5.20 show the loss modulus E” and tanδ as a function of 

temperature for PLA and the blends on the content of dendrimer. In G1/PLA blends 

system, the loss modulus E” peak temperatures and tanδ glass transition 

temperatures do not change monotonically with the increasing dendrimer content, 

but are shifted to higher temperature with 5 wt% dendrimer first, and then slightly 

decreased with further increasing the content of G1 dendrimer. Similar change 

pattern of E” peak temperatures and tanδ  is also observed in G2.5/PLA blends. 



- 134 - 

Such kind of phenomena indicate the phase separation could be occurred, though no 

secondary peak was observed in loss modulus E” or tanδ plots of these two systems, 

which might be due to the close Tg(s) between of G1 dendrimer (67.5 oC form DSC), 

G2.5 dendrimer (85.4 oC from DSC) and PLA (60.5 oC from DSC) as mentioned 

before. Several investigations reported [28] that the limitation to use of Tg for studying 

blend miscibility by DMA or DSC.  
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Figure 5.19.  Dynamic mechanical relaxation behavior of PLA and G1/PLA blends: 

(a) E”; (b) tanδ. 
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Figure 5.20.  Dynamic mechanical relaxation behavior of PLA and G2.5/PLA 

blends: (a) E”; (b) tanδ. 

 

5.2.6  Mechanism Properties and Phase Morphologies 

In last chapter, the third phosphorous dendrimer was demonstrated as an effective 

polymer modifier to increase the elongation and tensile to 20.2% and 78.4 MPa, 

respectively. All of these factors including regularly dispersed dendrimer particles, 

effective particle size and suitable interactions between dendrimer particles and PLA 

matrix account for the toughness effect. Herein, the effects of generation and types of 

end groups of phosphorous dendrimer on the mechanical properties of PLA were 

investigated. 
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Figure 5.21.  Tensile stress-strain curves of PLA and PLA with various generation 

dendrimer (with 5 wt% dendrimer). 

 

The stress-strain dependence of various generation dendrime/PLA blends with 5 wt% 

dendrimer is plotted in Figure 5.21, and the average values of the tensile stress and 

elongation at break is plotted in Figure 5.22. Neat PLA shows a typical brittle 

fracture upon mechanical testing, while all the blends demonstrate ductile fracture. 

As compared with neat PLA, G0.5/PLA and G3/PLA blends display considerably 

improved mechanical properties, and G1/PLA and G2.5/PLA blends show relatively 

weaker improvements. G3/PLA blend show the strongest tensile strength, while 

G0.5/PLA blend show the greatest strain at break, which implies different toughness 

mechanism.  
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Figure 5.22.  Mechanical properties of PLA and PLA with various generation 
dendrimer (with 5 wt% dendrimer). 

 

5.2.6.1  G0.5 Phosphorus Dendrimer/PLA Blend System 

In order to elucidate the toughness effect of G0.5 phosphorous dendrimer on PLA, 

tensile test of the blends with various content of G0.5 dendrimer were also 

performed. Exemplary stress-strain dependencies for the G0.5/PLA blends studied 

are plotted in Figure 5.23, and the average values of the tensile stress and elongation 

at break are plotted in Figure 5.24. Tensile stress-strain curves indicate that fracture 

behaviors of the specimen display a transition from brittle fracture to ductile fracture. 

The blend with 5 wt% dendrimer show distinct yielding and stable neck growth 

through cold drawing. The strain at break reach 35.2%, increasing by 8 times over 

that of neat PLA, while the tensile stress was 56.6 MPa, only a slightly lower than 

neat PLA. 
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Figure 5.23.  Tensile stress-strain curves of PLA and PLA blended with various 

contents of G0.5 dendrimer 
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Figure 5.24.  Mechanical properties of PLA and PLA blended with various contents 

of G0.5 dendrimer  
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SEM was also employed to investigate the fracture surfaces of the impact specimen. 

Typical micrographs of the fracture surfaces of drawn PLA and G0.5/PLA blends are 

shown in Figures 5.25 and 5.26. The SEM studies of PLA reveal rather brittle 

fracture surfaces with little plastic deformation. On the contrary, a large amount of 

plastically deformed material is visible on the entire fracture surfaces of the blends. 

The tensile fractured surface of the G0.5/PLA blends, especially the blend with 5 

wt% dendrimer, exhibit considerable ductile tearing, surface roughness, and surface 

integrity. The increased surface area of fractured of the G0.5/PLA blends suggests 

that the crack paths are highly bifurcated, and crack propagation absorbs 

considerable strain energy before failure. Thus, improved toughness was achieved, 

and meanwhile the tensile strength was not detrimentally compromised. 

 

 

Figure 5.25.  SEM micrograph of fracture surfaces of neat PLA. 
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(a1) 

 
(a2) 
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(a3) 

 
 

 

(a4) 

 
Figure 5.26.  SEM micrograph of fracture surfaces of PLA blended with various 

contents of G0.5 dendrimer (a1:2.5 wt%; a2: 5 wt%; a3:10 wt%; a4:12.5 wt%). 
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Non-isothermal crystallization studies have already revealed that G0.5 phosphorus 

dendrimer as a weak plasticizer decreased the Tg of their blends due to its small 

molecular weight (low generation). Therefore, the segmental mobility of PLA is 

enhanced by this dendrimer, which increases the plastic deformation ability of 

amorphous PLA. Finally, the elongations at break of the blends are increased with 

slightly decrease of yield stress, hence the improvement of toughness. However, 

further increase of G0.5 phosphorus dendrimer content from 10 wt% to 12.5 wt% 

resulted in decreased tensile stress and stain at break. This might be because phase 

separation occurred in the higher content of dendrimer, which also were showed in 

DMA study. 

 

5.2.6.2  G1 and G2.5 Dendrimer/PLA Blends Systems 

The mechanical properties of G1/PLA and G2.5/PLA blends with various contents 

of dendrimer were also tested. In G1/PLA and G2.5/PLA blends, the tensile strength 

and strain at break also were improved at certain content. However, their 

improvements were relatively weaker as compared with G0.5 and G3 blends. Stress-

strain dependencies for G1 and G2.5 phosphorus dendrimer/PLA blends are plotted 

in Figure 5.27-5.30. The mechanical properties of the blend with 2.5 wt% G1 

dendrimer show a weak increase, with 67.3 MPa in tensile strength and 10 wt% in 

strain at break, respectively, but the mechanical properties begin to deteriorate with 

increasing dendrimer content. In the G2.5/PLA blends, distinct yielding and stable 

neck growth through cold drawing, indicating ductile fracture behaviors, are also 

observed, especially in the blend with 12.5 wt% dendrimer,. As displayed in Figures 

5.29 and 5.30, the tensile stress was increased from 57.9 MPa for neat PLA to 75.4 

MPa for the blend with 5 wt% dendrimer. However, with further increasing of 

dendrimer’ content, the increase in tensile stress of the blends decreased. The strain 
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at break, in general, increased with the increasing of dendrimer’s content, from 

4.24% for neat PLA to 13.1% for the blend with 12.5 wt% dendrimer, indicating 

toughness by the addition of dendrimer. 
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 Figure 5.27.  Tensile stress-strain curves of PLA and PLA blended with various 

contents of G1 dendrimer 
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Figure 5.28.  Mechanical properties of PLA and PLA blended with various contents 

of G1 dendrimer 
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Figure 5.29.  Tensile stress-strain curves of PLA and PLA blended with various 

contents of G2.5 dendrimer 

 



- 146 - 

   

0 2 4 6 8 10 12 14
0

10

20

30

40

50

60

70

80

S
tre

ss
 a

t p
ea

k 
/ M

P
a

5

10

15

20

25

 

dendrimer/PLA (w/w)

S
tra

in
 a

t b
re

ak
 / 

%

 
Figure 5.30.  Mechanical properties of PLA and PLA blended with various contents 

of G1 dendrimer  

 

The fracture surfaces of the impact G1/PLA blends investigated by SEM are showed 

in Figure 5.31. Phase separation between G1 dendrimer and PLA is clearly 

discernible even in the blend with 2.5 wt% dendrimer. Rough surface, particle and 

cavities are also visible in blends with 5 wt% and 10 wt% dendrimer, which could 

account for the mechanical properties improvement. A special pool-particle structure 

that particles around 1 μm in diameter included in pools or cavities is observed in the 

blend with 12.5 wt% dendrimer. This kind of structure is quite similar to the particle-

cavity structure formed in the G3/PLA blends, but the former showed much lower 

interfacial adhesion with PLA matrix, which is probably responsible for the 

ineffective toughness improvement in the G1/PLA blends system. 
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Figure 5.31.  SEM micrographs of fracture surfaces of PLA blended with various 

content of G1 dendrimer (b1-3: 2.5 wt% dendrimer; c1-3: 5 wt% dendrimer; d1-3: 10 

wt% dendrimer; e1-3: 12.5 wt% dendrimer). 

 

Figure 5.32 shows the fracture surface of the impact G2.5/PLA blends investigated 
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by SEM, which reveals more brittle fracture surface with smaller plastic deformation 

and a few long threads of a deformed material discernible when compared with other 

dendrimer/PLA blends. Although similar particles with the size around 2 μ m in 

diameter are formed in the blends with higher dendrimer content, the PLA matrix 

still shows a little plastic deformation, which could be the reason for the weak 

improvement of strain at break. Some particles, especially in the blends with 10 wt% 

and 12.5 wt% dendrimer, are showed out of the PLA matrix and greater extent of 

phase separation also occurred, which might be due to the lower interfacial adhesion 

between G2.5 dendrimer and PLA matrix.  
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 (i2)                                                               (i3) 

Figure 5.32.  SEM micrographs of fracture surfaces of PLA with various contents of 

G2.5 dendrimer (f1-3: 2.5 wt% dendrimer; g1-3: 5 wt% dendrimer; h1-3: 10 wt% 

dendrimer; i1-3: 12.5 wt% dendrimer)). 

 

Brief Summary: 

1) Considerate mechanical improvement of PLA was achieved by the corporation of 

G0.5 phosphorous dendrimer though plasticizing effect. 

 

2) Weaker mechanical improvement of PLA was also achieved by the corporation of. 

G1 and G2.5 dendrimers through toughness effect similar to that of the G3/PLA 

blends system. The reason for these inefficient mechanical properties improvements 

are probably related to the weaker particle matrix adhesion, less regular particle 

distribution as well as inefficient particle dimensions observed in G1 and G2.5/PLA 

blends systems. 

 

5.3  Conclusion 
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In this chapter, the effects of phosphorus dendrimers of various generations as 

modifiers to PLA were studied. Rheological investigation shows that viscous 

behavior of PLA was changed upon the addition of the modifiers, where interactions 

between the modifiers and PLA existed in the systems. In general, complex viscosity 

increased upon the addition of dendrimers. Higher generation dendrimers added 

would lead to stronger effect to the system. Complex viscosity of the blends was also 

affected by different types of the end groups of phosphorous dendrimer. It is found 

that complex viscosity of the blends with dendrimers containing 

dichlorothiophosphoryl-end-groups decreased with increasing frequency faster than 

that with equal amounts of aldehyde end groups. The reason might be associated 

with the greater dipole of S=P(Cl)2 groups leading to stronger interactions with PLA. 

It was also observed that the higher the generation, the more improved the elastic 

behavior for the materials. G0.5 dendrimer was well miscible with PLA, while 

higher generation dendrimers appeared to have ability to form spherical 

microparticulas (aggregates) in the matrix. It was found that both G0.5 and G3 

dendrimers were effective strengtheners by offering plasticizing and toughness 

effects to PLA, respectively. The toughness effect stepped up with the increase in 

generation of the dendrimers in the system 
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CChhaapptteerr  66    FFlluuoorreesscceenntt GGeellaattoorrss  DDeerriivveedd  

ffrroomm  11,,33,,55--BBeennzzeenneettrriiccaarrbbooxxaammiiddee::  

SSyynntthheessiiss  aanndd  GGeell  PPrreeppaarraattiioonn    

6.1  Introduction 

Organogel, a kind of supramolecular soft material, has attracted considerable 

attention over recent years due to its smart response to the stimulation of the 

chemical and physical microenvironments such as light,[1-3] temperature,[4] pH,[5-6] 

and ions.[7] Such supramolecular gels exhibit potential applications in sensors, 

nanodevices,[8-10] drug delivery and release,[11-12] catalyst carriers,[13] template 

synthesis.[14-17] Especially, the exploitation of the functional properties of the gels, 

which are facile in preparation, reversible in stimulation, and rapid in response to the 

physical and chemical surroundings[18] has proved to be significant and becomes one 

of the purposes to develop new gel systems. One way to realize supramolecular gels 

is to tune the interactions between molecules through introducing supramolecular 

binding director (such as π-stacking, solvophobic effects or hydrogen) bonding to 

stabilize the aggregations.[19-21]  

 

Pyrene, because of its long fluorescence lifetime and high efficiency, has attracted 

considerable interest. This compound was useful as building blocks for the formation 

of complex, dynamic systems via self-assembly.[22-23] Many 1,3,5-

benzenetricarboxamide derivatives got an inborn ability to self-assemble into helical 

columnar aggregates[24-28] in a variety of materials. Herein, the development of new 

supramolecular gels with tunable fluorescent properties based on the combination of 

pyrene and 1,3,5-benzentricarboxamide will be presented. Their chemical structures 
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are shown in Scheme 6.1. Investigations show that molecular structure is of critical 

importance for good gelation efficiency. [29] In this study, two different 

oligomethylene spacers will be introduced between the pyrene and 1,3,5-

benzenetricarboxamide moieties and their effects with respect to gel stability and 

other properties will be evaluated.   
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Scheme 6.1  The chemical structures of gelators: 1a, 1b and 1c. 

 

 

6.2  Results and Discussion 
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6.2.1  Synthesis of 1,3,5-Benzenetricarboxamide-based 

Gelators 

In chapter 2, the rationale for the molecular design of the new low molecular weight 

gelators has been explained. Herein, their synthesis details are discussed. 

 

6.2.1.1  Synthesis of 3.5 

The building block, compound 3.5, was synthesized according to the literature.[30] As 

shown in Scheme 6.2, treatment of benzene-1,2,3-tricarboxylic acid triemthylester 

with 1 equiv. of sodium hydroxide in methanol selectively hydrolyzes one of the 

methyl ester groups, giving 3.4 in 69% yield. Further reacting 3.4 with n-octylamine 

resulted in the target product by amidating the remaining ester groups. After 

recrystallizing the product in ethanol/water mixture, the yield obtained was 90%. 

The method used can get rid of using expensive coupling agents such as DCC or 

corrosive chloridizing agents such as SOCl2. 
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Scheme 6.2.  The synthesis of 3.5. 

 

6.2.1.2  Synthesis of 3.8 

The way to synthesize 3.8 is shown in Scheme 6.3. First, 1-nitropyrene was 

hydrogenated following the method reported in literature.[31] 1-Aminopyrene can be 

obtained in quantitative yield by employing 10% Pd/C as catalyst under H2 (1 atm). 

Acylation of 1-aminopyrene with bromoacetyl bromide was done in the presence of 

pyridine at 0°C, giving 3.7 in nearly quantitative yield. Compound 3.7 was further 

treated with aqueous ammonia, and product 3.8 was isolated upon the removal of 

excess of ammonia. Using bromoacetyl bromide in this reaction is important, 

otherwise during the subsequent ammonolylsis, side reactions such as nucleophilic 

substitutions giving rise to mono- and diamides may occur. In this reaction, the yield 

as high as 60% can obtained. Compound 3.8 was purified by re-crystallization and 

no further protection/deprotection reactions were necessary.  



- 159 - 

H
N

O
Br

H
N

O
NH2

THF 0oC,60%

NH3 aqueous solution

NO2 NH2

EtOAc, AcOH 100%

H2 (1 atm) Pd/C

Br
O

Br
Pyridin e

0
oC

,  ov ern ig ht

3.6

3.73.8  
Scheme 6.3.  The synthesis of 3.8. 

 

6.2.1.3  Synthesis of 1a 

Compound 3.8 was coupled with 3.5 in the presence of EDCI/DMAP to give 1a 

(Scheme 6.4).  The advantage of using EDCI/DMAP is ease of removal of the 

unreacted coupling reagents and side products, which are soluble in acidic aqueous 

solution. The isolation of practically pure 1a was done by recrystallizing the raw 

product from DCM after washing with dilute HCl. The yield of 1a was ~80%. The 

structure of 1a was characterized by NMR, which is shown in Figures 6.1 and 6.2.  
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Scheme 6.4.  The synthesis of 1a. 

 

 

Figure 6.1.  1H-NMR spectrum of 1a. 
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Figure 6.2.  13C-NMR spectrum of 1a. 

 

6.2.1.4  Synthesis of 3.12 

Since bromooctanoyl bromide is not commercially available, another synthetic 

strategy for the synthesis of 3.12 was envisaged.  As shown in Scheme 6.5, the 

amino group of 8-aminoctanoic acid was firstly protected by the method widely used 

in oligopetide synthesis[32] to give 3.9.  Subsequent chloridization of 3.9 using SOCl2 

followed by coupling with 3.6 afforded pyrene derivative 3.11 in high yield.  The 

deprotection step was carried out under H2 atmosphere with Pd/C as a catalyst.  It 

was found that addition of acetic acid can help removing the Cbz group during the 

hydrogenolysis reaction; otherwise the CBz group was not cleaved even for 4 days.  
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Scheme 6.5.  The synthesis of 3.12. 

 

6.2.1.5  Synthesis of 1b 

Coupling 3.5 with 3.12 was done in the presence of EDCI and HOBt to afford 1b in 

70% yield (Scheme 6.6). The method involving EDCI/DMAP has also been tried but 

the product was only obtained in low yield. Pure product was isolated by simple 

liquid extraction followed by flash column chromatography. NMR spectra of 1b are 

shown in Figures 6.3 and 6.4. 
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Scheme 6.6.  The synthesis of 1b. 

 

 

Figure 6.3.  H1-NMR spectrum of 1b. 
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Figure 6.4.  C13-NMR of 1b. 

 

6.2.1.6  Synthesis of 3.17 

The synthetic route of 3.17 is shown in Schemes 6.7. Compound 3.16 was 

synthesized according to literature.[33] After condensation of 3.16 with 3.13, the 

desired ester 3.17 was obtained in good yield.  

 

COOMe

MeOOC COOMe
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Scheme 6.7.  The synthesis of 3.17. 

 

6.2.1.7  Synthesis of 1c 

The synthetic route of 1c is shown in Schemes 6.8. The synthesis Grafting of the 

pyrene moiety was done after regenerating the acid group on 3.17. It was found that 

saponification conditions such as NaOH/THF, NaOH/methanol, and HCl/EtOH were 

ineffective to completely hydrolyze the ester bond. By contrast, the use of excess 

KOH in a mixture of THF/methanol/water worked to afford pure 3.18 in high yield. 

Compound 3.18 was then coupled with compound 3.8 in the presence of 

EDCI/DMAP to give the desired compound 1c in 80% yield. The isolation of 

practically pure 1c was done by recrystallizing the raw product in DCM after 

washing with dilute HCl. Its NMR characterization data is shown in Figures 6.5 and 
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6.6. 
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Scheme 6.8.  The synthesis of 1c. 

 

 

Figure 6.5.  H1-NMR of 1c. 
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Figure 6.6.  13C-NMR of 1c. 

 

6.2.2  Gel Formation 

Formation of a gel from solution requires the gelator to separate into finely dispersed 

colloidal particles that join together to form a continuous coherent framework 

throughout the fluid volume.[34] Hence, the development of a three-dimensional 

network by the gelator to capture small domains of isotropic fluid is critical to gel 

formation. The size and shape of the building blocks for the network may vary 

greatly between gels, but all must have an immobile framework in which the fluid is 

trapped. Herein, the nature of this framework, the sizes and shapes of the individual 

units will be discussed. 

 

Gels in this work were prepared by dissolving the gelators in suitable solvents by 
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heating and subsequent cooling. When the vessel was inverted without any liquid 

falling down, the substance was judged to be a gel. The gelation abilities of 1a, 1b 

and 1c were examined in various solvents and the results are summarized in Table 

6.1. Upon cooling of the homogeneous solution of 1a (1b or 1c) below the gelation 

temperature (Tg), the whole volume was immobilized and can support its own weight 

without collapse (Figures 6.7 and 6.8). Compound 1a was capable of forming gels in 

eight organic solvents in this test. The stability of the gels depends on the choice of 

solvent. The gels formed in protic solvents such as n-butanol, n-pentanol, and n-

hexanol can be stable for weeks without phase separation, while those in aromatic 

solvents only lasted for minutes or hours. Figure 6.9 demonstrates the process how 

the 1a gel transits from gel to crystal precipitates at room temperature. Interestingly, 

1a gel in dichloromethane was very unstable, but addition of small portion of water 

can improve its stability from 40 mins to days. These results suggest that H-bonding 

between 1a gelator and solvents is probably one of the crucial factors for stable 1a 

gels, since they were observed mainly in protic solvents. 

 

  
Figure 6.7.  Photographic images of 1a gels (60 mg/mL).  From left to right: in n-

butanol; in n-pentanol; in n-hexanol. 
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Figure 6.8.  Photographic images of 1c gel in n-butanol (4 mg/mL).  Right: under 

UV light (λmax 365 nm). 
 

Compared with 1a, 1b has relatively weaker gelation ability; stable 1b gels were 

only formed in aromatic solvents. However, the corresponding critical gelation 

concentrations for 1b, which are the minimum concentrations necessary for 1b to gel, 

were much smaller than that for 1a. The gel formed by 1b in benzene was semi-

transparent, while that in 1,4-dioxane was very weak, where only inhomogeneity 

along with visible crystal structure was observed (Figures 6.10 and 6.11). It was also 

found that all these gels were thermally reversible. 

 

Remarkably, 1c demonstrated the best gelation ability among the three gelators, with 

the highest variety of solvents forming gels and the lowest minimum gelation 

concentrations. The gels formed by 1c were superb stable, some of which can even 

last for several months at the concentration as low as 0.4% (w/w).  
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1) 2) 

 

 

 
3)                                     4) 

Figure 6.9.  Photographic images of 1a gel (60 mg/mL) in DCM at room 

temperature 1) for 1 hour, 2) for 2 hours, 3) for 3 hours, and 4) for 4 hours. 
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Table 6.1 Minimum gelation concentrations of 1a, 1b and 1c  
in various solvents at 25 oC. 

 
Solvent 1a 1b 1c 

n-butanol G (45 mg/mL) P G (4mg/Ml) 
n-pentanol G (43mg/mL) P G (4mg/mL) 
n-hexanol G (40 mg/mL) P G (3mg/mL) 

Dichloromethane G (53 mg/mL) P G (20 mg/mL) 
chloromethane G (57 mg/mL+10 

μL water) 
P S 

Benzene G (39 mg/mL) G (30 mg/mL) - 
toluene G (35 mg/mL) G (22 mg/mL) G (5mg/mL) 
Xylene G (36 mg/mL) G (20 mg/mL) G (5mg/mL) 

nitrobenzene S S S 
n-hexane P P P 

tetradecane P P P 
hexadecane P P P 

Olive oil P P P 
1,4-dioxane WG G (48 mg/mL+10 

μLmethanol) 
- 

DMSO S S S 
DCM/methanol 

(1/1, v/v) 
S S S 

THF S S S 
acetone G (40 mg/mL) P G (5mg/mL) 

Ethyl acetate G (40 mg/mL) P G (7mg/mL) 
 [a] G = gel; WG = weak gel; P = precipitate; S = solution; 

 

 
Figure 6.10.  Photographic images of 1b gels (30 mg/mL). From left to right: pure 

toluene; in benzene; in toluene; in xylene. 
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Figure 6.11. Photographic images of 1b gels (30 mg/mL). Left: in benzene; Right: in 

1,4-dioxane. 

 

Generally speaking, gelation ability of a gelator depends on several factors, such as 

the strength of hydrogen bonding, strength of the π−π and van der Waals interactions, 

and proportionality of the two formed in the system with the solvent molecules. A 

minor change in the molecular structure could dramatically influence their subtle 

balance between the molecules, in most extreme cases resulting in the loss of 

reversibility or preventing the formation of stable self-assembled gels.[35-39] The 

chemical structures between 1a and 1b are nearly the same except the length of 

alkylidene spacer between pyrene and 1,3,5-benzenetricarboxamide units. The 

complete gelation behaviors between 1a and 1b strongly indicate that the alkylidene 

spacers play an important role in the gelation process. As compared with 1a which 

can gelate a variety of solvents due to its suitable solubility and noncovalent 

interactions, 1b can form stable gel only in aromatic solvents because the longer 

oligomethylene spacer increases its solvophilicity which lowers the solubility in 

protic solvents and the corresponding gelation ability. On the other hand, the shorter 

oligomethylene spacer in 1a can facilitate its crystallization process. Therefore, 

unstable gelation and crystal precipitation of 1a was found in aromatic and DCM 
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solvents. Gelator 1c is different from 1a, where two bulky substituted aniline groups 

are attached to the 1,3,5-benzenetricarboxamide unit instead of simple alkyl chains. 

Apparently, the π-π stacking and van der Waals interactions in 1c are much stronger 

than in 1a because of the increased aromatic system, which also creates disorder in 

the crystal packing and prevents the gelator from precipitation in the gel state. 

Therefore, it is reasonable that 1c shows the best gelation ability. 

 

6.2.3  Thermotropic Characterizations of the Gels by 

Differential Scanning Calorimetry 
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Figure 6.12.  DSC curves of 1b gel in toluene measured in the first heating and 

cooling cycles. 

 

Differential scanning calorimetry (DSC) was employed to gain insight into the phase 
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transitions of the gels. The measurements were performed on the gels, which were 

pre-prepared in the large volume sample pans by heating and subsequent cooling 

inside the DSC apparatus. When 1a and 1c gels in protic solvents (e.g., n-butanol, n-

pentanol, and n-hexanol) were subjected to DSC measurement, no peak was found 

during the first heating or cooling process, suggesting a second-order transition. This 

transition tends to be co-operative, in which the molecules begin to undergo changes 

well before the transition temperature. 

 

By contrast, 1b in solvents such as benzene, toluene, and xylene displayed first-order 

transition. Figure 6.12 shows DSC curves of 1b in toluene (26 mg/mL) measured at 

a constant heating/cooling rate of 1oC/min. When the gel was heated, an endothermic 

peak due to the phase transition from gel state to fluent liquid was observed. 

Conversely, during the subsequent cooling process, a thermoreversible exothermic 

peak indicating the transition from liquid to gel was detected. In order to further 

elucidate the nature of 1b gel phase, the sol-gel transition temperature, which 

indicates the thermal properties of gels, was measured as a function of solvent type 

and a function of gelator concentration in selected solvent. As shown in Figure 6.13, 

DSC curves of 1b gel in xylene (26 mg/mL) also displayed a similar behavior to that 

in toluene. Figures 6.14 and 6.15 present DSC traces of 1b gels in toluene at 

different concentrations upon heating and cooling, respectively. The sol-gel 

transition temperature parameters measured from DSC are summarized in Table 6.2. 

Although the transition temperatures varied with the incorporated solvent, only small 

changes were observed. This could be due to the fact that the aromatic solvents 

utilized here have similar properties. It can also been seen that Tg gel-sol of 1b gels in 

toluene increased with the concentration, which suggests that the stability of the gel 

is enhanced by the increase of the concentration. 
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Table 6.2.  Sol-gel transition temperatures of 1b gel measured from DSC. 
Solvent Concentration 

(mg/mL) 
Tg gel-sol (oC) Tg sol-gel

 (oC) 

toluene 22 56.4 43.2 
toluene 26 57.4 43.8 
toluene 30 58.1 44.4 
benzene 30 - - 
toluene 30 58.1 44.4 
xylene 30 52.5 43.6 
dioxane 30 - - 

Tg gel-sol transition temperature from gel to sol during heating process;  

Tg sol-gel transition temperature from sol to gel during cooling process 

 

The percolation theory assumes that gelator molecules assemble into fibrils, strands, 

ropes or other assemblies by a first-order process (i.e., with a discontinuous enthalpy 

change), and these assemblies then further link together to form clusters and 

ultimately the self-assembled fibrillar networks by a second-order process.[39] 

According to this theory, the fibrillar network structures form in the gels of 1a and 1c 

in protic solvents displaying a second-order transition process on DSC curves, while 

fibers, strands or ropes structures appear in gel of 1b gel in aromatic solvents 

showing a first order transition process. 
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Figure 6.13.  DSC curves of 1b gel in xylene measured in the first heating and 

cooling cycles. 
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Figure 6.14.  DSC curves of 1b gel at different concentrations in toluene with 

recorded upon heating; a) 22 mg/mL, b) 26 mg/mL, and c) 30 mg/mL . 
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Figure 6.15.  DSC curves of 1b gel at different concentrations in toluene upon 

cooling; a) 22 mg/mL, b) 26 mg/mL, and c) 30 mg/mL. 

 

6.3  Conclusion 

In this work, three LMW gelators 1a, 1b, and 1c, containing 1,3,5-

benzenetricarboxamide and pyrene moieties were successfully synthesized in an 

accessible manner. Their gelation abilities have been examined in various solvents. 

All of these LMW gelators showed excellent gelation ability. While 1b can only gel 

in aromatic solvents, 1a can gel in a wide range of solvents. Gelator 1c can form 

very stable gels even at the concentration as low as 0.4 wt %. The stability of the gels 

highly depended on the nature of the solvent as well as the chemical structure of the 

gelator. DSC investigation showed that 1a and 1c exhibited second order sol-gel 

transitions. Gelator 1b presented a first order transition.  
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CChhaarraacctteerriizzaattiioonnss,,  FFlluuoorreesscceenntt  PPrrooppeerrttiieess,,  

aanndd  GGeellaattiioonn  MMeecchhaanniissmmss  ooff  FFlluuoorreesscceenntt  

OOrrggaannooggeellss  DDeerriivveedd  ffrroomm  11,,33,,55--

BBeennzzeenneettrriiccaarrbbooxxaammiiddee  

7.1  Introduction 

In last chapter, syntheses and gelation abilities of the three novel LMW gelators, 1a, 

1b, and 1c, have been reported. All of the gelators showed excellent gelation ability. 

In this chapter, focuses are made on investigations of morphology of the xerogels, H-

bonding interaction, fluorescent properties as well as structures of the self-

assemblies in the gels. Finally, their gelation mechanisms are proposed. 

 

7.2  Results and Discussion 

7.2.1  Morphologies of the Xerogels 

To obtain visual images of the assemblies of 1a, 1b, and 1c, the morphology of their 

xerogels was investigated by scanning electron microscopy (SEM). The 

corresponding xerogels were prepared by slow evaporation of solvents from the gels. 

The gels exhibited well-defined fibers with different morphologies. As shown in 

Figures 7.1 and 7.2, the xerogels prepared from a n-butanol solution of 1a exhibited 

a complex three-dimensional fibrous networks structure formed by right- and left-

handed helical fiber strands with diameters of about 120–150 nm. It seemed that 
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most of the helical fiber strands composed of several thinner twisted fibers with the 

diameter of 30–50 nm, which intertwined into helix with non-uniform helical pitch. 

Similar to the morphology of 1a xerogel, 1c xerogel obtained from a toluene solution 

(Figures 7.7 and 7.8) also showed a three-dimensional network structure with thinner 

fibers ranging from 10–20 nm in diameters. Strikingly, the concentration of 1c gel 

used for the preparation of the xergoel was even lower than 7% that of 1a gel, 

suggesting a better gelation ability of 1c than that of 1a. Such observable fibrous 

networks which appear to be characteristic for most gels [1-4] also confirm with the 

second-order transition process in DSC measurement. 

 

 

Figure 7.1.  SEM image (x10,000) of xerogel prepared from 1a in n-butanol (60 
mg/mL). 
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Figure 7.2.  SEM image (x20,000) of xerogel prepared from 1a in n-butanol (60 
mg/mL). 

 

On the other hand, the SEM images of 1b xerogel prepared from a solution of 

toluene were quite different. As shown in Figure 7.3, a structure of sheets with 

cylindrical fibers on the surface was observed. From their magnified images showed 

in Figures 7.4 and 7.5, the diameters of these fibers were about 10–50 nm. Some 

parts of these fibers were covered by sheet. The fibrous network structures in 1a and 

1c xerogels were not observed, indicating that they are consistent with the first-order 

transition revealed by DSC. 
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Figure 7.3.  SEM image (x1,000) of xerogel prepared from 1b in toluene (30 

mg/mL). 
 

 
Figure 7.4.  SEM image (x10,000) of xerogel prepared from 1b in toluene (30 

mg/mL). 
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Figure 7.5.  SEM image (x10,000) of xerogel prepared from 1b in toluene (30 

mg/mL). 

 
Figure 7.6.  SEM image (x25,000) of xerogel prepared from 1b in toluene (30 

mg/mL). 
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Figure 7.7.  SEM image (x10,000) of xerogel prepared from 1c in toluene (4 

mg/mL). 
 

 
Figure 7.8.  SEM image (x20,000) of xerogel prepared from 1c in toluene (4 

mg/mL). 
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Similar to the morphology of 1a xerogel, the SEM of 1c (Figure 7.7-8) also showed 

a three-dimensional fibrous network structure. Strikingly, the concentration of 1c gel 

used for the preparation xerogel was even less than 7% of 1a gel concentration.  

 

On the basis of the above results, we can see that the morphology of the xerogels 

highly depends on the chemical structure of the gelators and the nature of their 

gelling solvents. The formation of directional molecular aggregates most likely 

results from a strongly anisotropic growth character of the gelators.  

 

7.2.2  Molecular Interactions by FT-IR 

FT-IR studies were conducted on the samples, because these compounds would 

associate through hydrogen-bonding interactions owing to their self-

complementarities. The FT-IR spectra were recorded for gel, solid and solution 

(Figure 7.9-17). H-bond can be established between C=O, and amide NH groups, 

which are often regarded as H-bond acceptor and donor, respectively. In the FT-IR 

spectrum of 1a in the gel state, the N-H stretching and C=O vibrations at 3288 cm-1 

and 1647 cm-1, respectively, were observed at nearly the same wavenumbers in the 

solid state (Table 7.1, Figures 7.9 and 7.10) whereas they shifted to higher 

frequencies in THF solution, at 3569 and 3507 cm-1 for N-H and 1667 cm-1 for C=O 

(Table 7.1, Figure 7.11). This results strongly suggest intermolecular hydrogen 

bonding and hence the alkyl substituted 1,3,5-benzenetricarboxamide columnar 

aggregation present in the gel phase. Similar results were also observed in 1b system 

(Table 7.1, Figures 7.12-14). However, this is not the case for 1c. As shown in Table 

7.1 and Figures 7.15 and 7.16, FT-IR gave three carbonyl vibrations both in the solid 

state (1639, 1658 and 1685 cm-1) and in the toluene gel state (1638, 1659 and 1681 

cm-1), indicating the presence of both hydrogen-bonded and mono-molecular species. 
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Therefore, the 1,3,5-benzenetricarboxamide columnar aggregates are probably not 

formed in 1c gel. Similar results were also observed in gallic substituted 1,3,5-

benzenetricarboxamide derivatives which are incapable of forming helical columnar 

structures due to weak hydrogen bonding interactions. FT-IR spectrum of 1c in 

chloroform is also given in Figure 7.17 for reference. 

 
Table 7.1  Wavenumber (cm-1) of amide C=O and N-H Stretching Bands of powders, 

gels and solutions of 1a, 1b, and 1c. 
 

solid 
 

 
gel 

 

 
solution 

 gelator 

CO(ν) H(ν) CO(ν) H(ν) CO(ν) H(ν) 
1647 3288 1667 3569, 3507 1a 1647 3280 

DCM (53 mg/mL) THF (40 mg/mL) 
1645 3241 1665 3573, 3511 1b 1647 3280 

Toluene(35 mg/mL) THF (40 mg/mL) 
1638, 
1659, 
1681 

3222, 
3366, 
3407 

1667 3447, 
3619, 
3685 

1c 1639, 
1658, 
1685, 

3222,
3365,
3407 

Toluene(10 mg/mL) chloroform (40 mg/mL) 
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Figure 7.9  FT-IR spectrum of 1a in solid state at 25 oC. 
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Figure 7.10.  FT-IR spectrum of 1a in DCM gel (53 mg/mL) at 25 oC. 
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Figure 7.11.  FT-IR spectrum of 1a in THF solution (40 mg/mL) at 25 oC. 
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Figure 7.12.  FT-IR spectrum of 1b in solid state at 25 oC. 
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Figure 7.13.  FT-IR spectrum of 1b in toluene gel (35 mg/mL) at 25 oC. 
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Figure 7.14.  FT-IR spectrum of 1b in THF solution (40 mg/mL) at 25 oC.  
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Figure 7.15.  FT-IR spectrum of 1c in solid state at 25 oC. 
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Figure 7.16.  FT-IR spectrum of 1c in toluene gel (10 mg/mL) at 25 oC. 

 

4000 3500 3000 2500 2000 1500 1000 500
0

20

40

60

80

100

T%

wavenumber (cm-1)

1c in chloroform solution

16673685
3619 3446

 

Figure 7.17.  FT-IR spectrum of 1c in chloroform solution (40 mg/mL) at 25 oC. 
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7.2.3  Molecular Structures of the Xerogels 

In order to understand the nature of the gels, the structures of the xerogels were 

investigated by X-ray diffraction (XRD) technique. A summary of the X-ray data for 

xerogel 1a-c is given in Table 7.2. The XDR pattern of the xerogel made from 1a in 

n-butanol is shown in Figure 7.18. There were four reflections observed at 31.66 

(100), 24.28 (020), 15.79 (200), and 14.97 (210) Å, strongly suggesting a rectangular 

column (Colr) structure with the lattice parameters of a = 22.8 Å, b = 20.0 Å. The 

diffuse halo A at around 4.6 Å was the characteristic of a liquidlike order of alkyl 

chains. A broad band B observed at around 3.4 Å could be due to the typical stacking 

distance between two aromatic pyrene cores in the ordered columnar structure.  
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Figure 7.18.  X-ray diffraction pattern of xerogel made from 1a in butanol measured 
at room temperature. 

 

The Small-angle XDR pattern of the xerogel prepared from 1b in toluene is 
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displayed in Figure 7.19. Three reflection peaks were observed at 22.44 Å, 19.11 Å, 

and 17.41 Å, which could be indexed as the 210, 030, and 120 reflections of a 

rectangular column (Colr) phase with the lattice parameters of a = 36.54 Å, b = 

57.35 Å. 
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Figure 7.19.  Small-angle X-ray diffraction pattern of xerogel made from 1b in 

toluene. 
 

As shown in 7.20, the wide-angle region of the X-ray diagram for 1b xerogel was 

more complicated than that of xerogel 1a, in which a series of sharp reflection peaks 

can be revealed. The peak A at 3.70 Å can be the face-to-face distance between flat 

aromatic units (pyrene units). The peaks B, C, and D are probably attributed to some 

other arrangements packed by the alkyl chains. 
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Figure 7.20.  Wide-angle X-ray diffraction pattern of the 1b xerogel. 
 

 

Figure 7.21.  Wide-angle X-ray diffraction pattern of xerogel made from 1c in n-
butanol. 

 

The XDR pattern of the xerogel prepared from 1c in n-butanol is displayed in Figure 
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7.21. The pattern comprised two intense peaks at 29.83 and 22.24 Å in the small 

angle region, suggesting some ordered columnar phase due to π−π stacking of 

pyrene. However, the lack of other reflections hinders the assignment of any phase 

here.  

 

Table 7.2.  X-ray Characterization Data of Dry Gels. 

Compound Lattice[a] dmeas
[b]  

[Å] 
I[c] hk[d] 00l[d] 

22.58 VS 10 
19.99 M 01 
14.99 M 11 
9.91 W 02 
9.12 W 12 
7.48 W 22 
6.34 W 13 
6.01 W 32 
4.6 Br A 

1a Colr 

3.4 br B 

 

22.44 W 21 
19.11 W 03 
17.41 S 12 

3.7 W A 
5.8 br B 
3.5 W C 

1b  Colr 

2.7 W D 

 

29.83 VS  1c  
22.24 VS  

 

[a] Colr = rectangular columnar mesophase;  

[b] d: diffraction spacing;  

[c] I is the intensity of the sharp reflections (VS = very strong, S = strong, M = 

medium, W = weak); br is used for broad scattering halos;  

[d] hk and 00l are the indexations of the reflections corresponding to Colr phases;  

 

7.2.4  Fluorescence Properties of the Gels 
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7.2.4.1  Fluorescence Properties of 1a Gel in n-Butanol  

Fluorescence behaviors of substances are frequently sensitive to the 

microenvironment around the fluorescent probe. They show quite different 

fluorescence spectra between in solution and gel state. The microscopically 

structural modifications of stand organization within a colloid, the formation or 

dissolution of individual strands, etc. can be measured through this method [5-8]. To 

better understand the behaviors of the gelators in the gelation process, temperature-

induced fluorescent change of the gels were measured.  
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Figure 7.22.  Variable-temperature fluorescence spectra of 1a in n-butanol (45 
mg/mL) from 75oC to 40oC (λex = 380 nm). 

 

Figure 7.23 demonstrates the fluorescence spectra of 1a in n-butanol (60 mg/mL) 

cooling from 75 oC to 15 oC (λex = 380 nm). In order to show them clearer, the 

magnified fluorescence spectra from 75 oC to 40 oC are displayed in Figure 7.22. 

Gelator 1a in n-butanol at 75 oC exhibited a sharp peak at 413 nm, which was 

ascribed to the monomer emission. The absence of the emission peaks beyond 

λ >420 nm indicates that pyrene excimers are not formed. Thus, 1a was molecularly 
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dissolved in n-butanol under this condition. Decreasing temperature to 65°C led to a 

monomer-to-excimer transition, as indicated by the appearance of two new emission 

peaks at 420 nm and 480 nm, which were attributed to excimer emission. The former 

peak at 420 nm was assigned to an excimer of partial overlap, while the later at 480 

nm was ascribed to a sandwich type excimer.[1-2] When the temperature decreased 

from 65 oC to 40 oC, the fluorescence emission intensity increased gradually and the 

broad structureless fluorescence band with a peak at 480 nm became dominated, 

indicating that the structure of sandwich type pyrene excimers mainly accounts for 

the aggregations in sol state. Further cooling gave rise to the sol-to-gel transition as 

evidenced by precipitous increase of fluorescence intensity and the change of 1a in 

n-butanol from clear isotropic solution to white homogenous gel. Similar transition 

phenomena have been well-documented, [9-10] and the corresponding transition 

temperature was defined as Tg. The remarkable fluorescence increase was 

unambiguously assigned to the phenomenon of aggregation-induced enhance 

emission (AIEE).[9-10] The fluorescence spectrum at 30 oC exhibited a broad 

structureless emission. Interestingly, the maximum fluorescence intensity peak was 

observed at 430 nm rather than at 480 nm. When the temperature deceased from 30 

to 15 oC, the intensity of fluorescence emission was further increased. This denotes 

that the formation of pyrene excimers continues and the stability of 1a gel can be 

enhanced. Moreover, the emission at 430 nm was remarkably greater than that at 480 

nm, indicating that the formation of partial overlap pyrene excimers is preferred as 

compared to that of sandwich type at low temperature (gel state).  
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Figure 7.23.  Variable-temperature fluorescence spectra of 1a in n-butanol (45 

mg/mL) from 75 oC to 15 oC (λex  = 380 nm). 

 

It is well-known that sandwich-like pyrene systems are dynamic excimers, in which 

the pyrene moieties are free to fully overlap. Partially overlapping pyrenes are 

described as static because some forces induce a partial overlapping.[11-12] In the case 

of 1a in n-butanol at high temperature, the pyrene moieties in 1a sol are free to fully 

overlap through the hydrophobic π−π interactions because the H-bonding 

interactions between 1a molecules are destroyed due to the polar nature of n-butanol. 

Decreasing the temperature to the gel state, the hydrophobic microenvironment 

created by the π−π stacking allows the formation of H-bonds between 1a molecules 

and the corresponding columnar 1,3,5-benzenetricarboxamide aggregates in polar 

media, similar to the way the hydrophobic microenvironment in proteins. These H-

bonding interactions disturb the formation of sandwich type pyrene excimer. 

Consequently, the pyrene moieties in 1a gel are fixed, and partially overlapping 

pyrenes become dominated.  
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Figure 7.24.  Variable-temperature fluorescence spectra of 1a in n-butanol (45 

mg/mL) from 15 oC to 75 oC (λex  = 380 nm). 
 

The effect of heating process on 1a in n-butanol was also investigated. As shown in 

Figure 7.24, when temperature increased from 15 oC to 45 oC, the intensity of 

fluorescence emission gradually decreased. Instability of the gel formed was also 

observed simultaneously. The emission at 420 nm decreased faster than at other 

wavelengths, indicating that the formation of partial overlap excimers and the 

associated H-bonding are essential for stabilization of the gel. Further heating gave 

rise to the gel-to-sol transition as indicated by the precipitous decrease of 

fluorescence intensity, and meanwhile, the change from gel to isotropic solution can 

be observed. The corresponding sol-gel transition temperature, Tg, was 60 oC, which 

is much higher than that measured upon the cooling process (30 oC). This difference 

is probably due to the hysteresis effects during the cooling and heating processes.[9-10] 

When further raising the temperature from 60 oC to 65 oC, an emission peak at 408 

nm appeared, indicating the formation of monomer pyrene in the sol. When 

temperature was above 70 oC, the excimer-to-monomer transition took place, giving 

a fluorescence spectrum with a dominant monomer emission at 413 nm. The absence 



- 198 - 

of the excimer emission signals suggests that compound 1a in n-butanol has returned 

to its molecularly dissolved state. 

 

 
Figure 7.25.  1a gel in n-butanol (60 mg/mL) formed during the re-cooling process 

 

When the sample was cooled back to below 15 oC again, the emission spectrum can 

resume to the original level. This indicates that the transition between the partial 

overlapped excimer and the sandwich type excimer of the pyrene units formed in the 

aggregates is fully reversible. Figure 7.25 illustrates the gel of 1a in n-butanol 

prepared via the re-cooling process. 

 

In order to further elucidate the nature of 1a, the effect of concentration on 

fluorescence properties of 1a gel was also studied. Figures 7.26-27 and 7.28-29 show 

the emission spectra of n-butanol solutions of 1a at different concentrations upon 

heating and cooling, respectively. The relationship of concentration and transition 

temperatures of 1a gel is given in table 7.3. All the gels formed by 1a at different 
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concentrations were thermally reversible and the assignment of the two transitions 

(sol-to-gel and excimer-to-monomer) from the spectra was based on the previous 

analysis. As seen, the sol-to-gel transition temperature increased with increasing 

concentration of 1a in n-butanol, from 30 to 40 oC in the cooling process, when the 

concentration changed from 45 mg/mL to 75 mg/mL. Similar relationship was also 

observed between gel-to-sol transition temperature and concentration of 1a, where 

the transition temperature shifted to 75 °C from 60 °C. Both the excimer-to-

monomer and monomer-to-excimer transitions of 1a in n-butanol occurred at the 

same temperature. Under the same conditions, the increase in concentration of 1a 

brought about the increase of the transition temperatures from 70 °C to 85 oC. On the 

other hand, the change of the pattern of the emission spectra as a function of 

temperature was less dependent on concentration of 1a. 

 

Table 7.3  Relationship of concentration and transition temperatures of 1a gel in n-
butanol. 

Concentration 
(mg/mL)  

Tg gel-sol 

(oC) 
Tg sol-gel 

(oC) 
Tg excimer-monomer 

(oC) 
Tg monomer-excimer 

(oC) 
45  60 30 70 70 
60 75 35 85 85 
75 75 40 85 85 
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Figure 7.26.  Variable-temperature fluorescence spectra of 1a in n-butanol (60 
mg/mL) from 87oC to 20oC (λex = 380 nm). 
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Figure 7.27.  Variable-temperature fluorescence spectra of 1a in n-butanol (60 
mg/mL) from 20 oC to 87 oC (λex = 380 nm). 
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Figure 7.28.  Variable-temperature fluorescence spectra of 1a in n-butanol (75 
mg/mL) from 87 oC to 15 oC (λex = 380 nm). 
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Figure 7.29.  Variable-temperature fluorescence spectra of 1a in n-butanol (75 
mg/mL) from 15 oC to 87 oC (λex = 380 nm). 
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7.2.4.2  Fluorescence Properties of 1b Gels in Toluene 

In previous chapter, it have been reported that the gelation behaviors are completely 

different between 1a and 1b, though they are very similar in chemical structures. In 

order to further elucidate the property-structure relationship, the fluorescence 

properties of 1b in toluene were also investigated as a function of temperature and a 

function of concentration. Figure 7.30 shows the fluorescence spectra of 1b in 

toluene at the concentration of 25 mg/mL upon cooling. In contrast to 1a in n-

butanol which can be molecularly dissolved above 70 oC, 1b in toluene, 

unfortunately, was unable to form clear isotropic solution under normal pressure 

even at 80 oC due to its poor solubility. Higher temperature often led to very large 

unnormal changes in the emission intensity, which might be due to greater emission 

in selected directions resulting from small movements of 1b microcrystalline caused 

by the evaporation of toluene. Such kind of fluorescence intensity increase has also 

been observed in other studies [9-10]. Actually, for the preparation of 1b gel, 

superheating the mixture in closed vessel was required due to its partial solubility in 

toluene, and therefore, the associated excimer-to-monomer transition was unable to 

be measured under atmosphere.  

 

As compared to 1a, 1b has more profound fluorescence spectra. As shown in Figure 

7.18, the fluorescence spectrum of 1b in toluene at 80 oC in the sol state exhibits four 

emission peaks at 480 nm, 460 nm, 430 nm and 413 nm. The peaks at 480 nm and 

460 nm were assigned to sandwich type excimers, which indicated colloidal 

aggregates were existed. Generally, different sandwich type excimer wavelength 

emissions are observed in different polar solvent as the pyrene excimer is known to 

exhibit solvatochromic shifts between polar and non-polar solvents due to 

differences in the polarizability between excimer and the dissociative ground state [11-
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12, 13]. However, in this research, different excimer emissions appeared in the same 

solvent. This surprising result might be due to the co-existence of partially dissolved 

and associative colloidal aggregates of 1b in toluene, which led to anisotropic 

environment in the mixture. Thus, the polarizability between partially dissolved and 

those associative colloidal aggregates of 1b might be different, which was 

responsible for different sandwich type excimer wavelength emissions observed. The 

emission peak at 430 nm was attributed to the excimer with partial overlap, and 413 

nm was ascribed to monomer emission. In sharp contrast to fluorescence spectrum of 

1a in which only a minor emission peak at 430 nm was observed in the sol state, the 

emission peak at 430 nm of 1b in toluene even has stronger intensity than that of 

excimer peaks. These results suggest that a great amount of 1b molecules are fixed 

by H-bonding which accounts for the partial overlap pyrene excimers. The 

hydrophobic environment in toluene offers a possibility for the formation of H-

bonding between molecules.  
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Figure 7.30.  Variable-temperature fluorescence spectra of 1b in toluene (25 mg/mL) 

from 80 oC to 20 oC. 
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Figure 7.31  Variable-temperature fluorescence spectra of 1b with a high 

concentration in toluene (25 mg/mL) from 20 oC to 80 oC. 

 

Decreasing the temperature from 80 oC to 50 oC only led to slightly increase of 

fluorescence intensity. Substantively increased intensity was observed at the 45 oC. 

Further cooling led to sol-to-gel transition. Meanwhile, the fluid was observed to 

turn into immobilized state. Corresponding Tg was measured at 40 oC as indicated by 

sudden greater increased intensity, and the emission at 430 nm red shifts to 433 nm. 

These phenomena indicate that aggregation of pyrene has occurred. Furthermore, the 

phenomenon that the partial overlap excimer became predominated after sol-to-gel 

transition observed in the gel of 1a in n-butanol was not observed. The fluorescence 

emission intensities at 480 nm, 460 nm and 430 nm showed equal increase indicating 

that all excimers including sandwich and partial overlap types take similar roles 

during gelation process. Such profound system was also displayed in the 

morphology measurement, which displayed sheets with 1-D fibers structures via 

SEM. 
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When temperature was lowered from 40 oC to 20 oC, the intensities of fluorescence 

emissions at 480 nm, 460 nm and 430 nm were further increased, and more stable 

homogenous gel was observed. 

 

The heating process of 1b gel in toluene from 20 oC to 80 oC was also recorded by 

fluorescence spectra. As shown in Figure 7.31, the fluorescence spectrum of 1b at 20 

oC in the gel state also exhibits four emission peaks, the one at 480 nm for polar 

sandwich type excimers emission, the one at 460 nm for non-polar sandwich type 

excimers emission, the one at 430 nm for partial overlapped pyrene excimers 

emission, and the one 413 nm for monomer emission. As the temperature was 

increased, the fluorescence intensities were gradually decreased. When the 

temperature was improved to 55 oC, a greater decrease of intensity was observed. 

Further heating gave raise the gel-to-sol transition and meanwhile, gel of 1b turned 

into fluid. A small blue-shift from 433 nm to 430 nm was also observed. Due to the 

hysteresis effects, sol-to-gel transition temperature Tg here (60 oC) is much higher 

than that measured during the heating process 40 oC. Raising the temperature from 

60 oC to 80 oC further decreased the intensity of the emission. Furthermore, the 

gelation process of 1b in toluene is also thermal reversible, since the emission 

spectrum can resume to the original level when the sample was cooled back to below 

20 oC again, Figure 7.32 demonstrates gel of 1b in toluene formed during the second 

cooling process, indicating the cooling and heating process are thermal reversible. 
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Figure 7.32  1b gel in toluene (25 mg/mL) formed during the re-cooling process. 
 

The concentration effects on the temperature-dependent fluorescence spectra of 1b 

were also investigated. Figures 7.33-34 and Figures 7.35-36 exhibit the heating and 

cooling process of 1b in toluene at 38 mg/mL and 55 mg/mL concentrations, 

respectively. All gels of 1b in toluene with different concentrations were thermal 

reversible, and sol-gel transitions were also observed. Table 7.4 summarizes the 

transition temperatures, which also showed increases with concentrations. Tg sol-gel of 

1b gel was improved from 60 oC to 75 oC, and Tg gel-sol of 1b was improved from 40 

oC to 60 oC as the concentration of 1b in toluene change from 25 mg/mL to 55 

mg/mL.  
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Figure 7.33  Variable-temperature fluorescence spectra of 1b in toluene (38 mg/mL) 

from 80 oC to 20 oC. 
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Figure 7.34  Variable-temperature fluorescence spectra of 1b in toluene (38 mg/mL) 

from 20 oC to 80 oC. 



- 208 - 

400 500 600
0

100

200

300

400

500

600

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

20 oC

75 oC

te
m

pe
ra

tu
re

 d
ec

re
as

ed

 

Figure 7.35.  Variable-temperature fluorescence spectra of 1b in toluene (55 mg/mL) 

from 75 oC to 15 oC. 
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Figure 7.36.  Variable-temperature fluorescence spectra of 1b in toluene (55 mg/mL) 

from 15 oC to 75 oC. 
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Table 7.4  Relationship of concentration and transition temperatures of 1b gel in 
toluene. 

Concentration 
(mg/mL) 

Tg gel-sol 

(oC) 
Tg sol-gel 

(oC) 
Tg excimer-monomer 

(oC) 
Tg monomer-excimer 

(oC) 
25 60 40 - - 
38 70 40 - - 
55 75 60 - - 

 

7.2.4.3  Fluorescence Properties of 1c Gels in n-Butanol 

Figure 7.37 demonstrates the fluorescence spectra of 1c in n-butanol (5 mg/mL) 

cooling from 15 oC to 90 oC (λex  = 380 nm). As shown in Figure 7.37, 1c in n-

butanol at low temperature (the gel state) exhibited a broad structureless peak at 492 

nm, which was associated to the sandwich type pyrene excimer emission. The gel to 

sol transition was observed when the temperature was increased to 80 oC. In contrast 

with 1a, the emission peak of which showed a blue shift at elevated temperature 

from 430 nm to 480 nm, the emission peak of 1c demonstrated a red shift from 492 

nm to 460 nm at this temperature. The precipitous decrease of fluorescence intensity 

was also observed, suggesting the gel-to-sol transition occurred. Further increasing 

temperature lead to greater red-shifted emission peak observed at 430 nm associated 

to the partial overlap pyrene excimer emission. When the temperature was higher 

than 90 oC, the pyrene monomer excimer at 413 nm was detected.  

 

As mentioned before, the observed partially overlapping pyrenes in 1a gel state is 

due to the H-bonding formed in the alkyl substituted 1,3,5-benzenetricarboxamide 

units and the pyrene amides which lock the freedom pyrene moieties and induce 

partial pyrene overlap, whereas for 1c, this is not the case. FT-IR shows the presence 

of both hydrogen-bonded and mono-molecular species in the gel of 1c. Thus, the H-

bonding interactions in 1c are not as strong as that in 1a which are unable to fix its 
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pyrene moieties to fully overlap. Therefore, the emission of partially overlapped 

pyrene excimers at 430 nm was not observed in the gel state of 1c. However, when 

the temperature was increased high enough for n-butanol to overcome the π−π 

interactions in 1c, partially overlapping pyrene excimer emission and pyrene 

monomer emission can be observed. Therefore, the emission peak of 1c 

demonstrated a red shift at elevated temperature rather than a blue shift observed in 

1a.  
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Figure 7.37.  Variable-temperature fluorescence spectra of 1c in n-butanol (5 

mg/mL) from 15 oC to 90 oC. 

 

Figure 7.38 shows the fluorescence spectra during cooling process of 1c in n-butanol. 

Decreasing the temperature from 90 oC to 80 oC led to a transition from 1c in n-

butanol solution to its sol state as indicated by the increase of fluorescence emission 

intensity. This sol state was lasted until the temperature was lowered to 40 oC. When 

the temperature was further decreased, the sol-to-gel transition was observed, and the 

emission peaks show a blue shift from 460 nm to 492 nm. The Tgsol-gel is much lower 
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than the one measured during the heating process due to the due to the hysteresis 

effects. After the sol-gel transition, the fluorescent emission increased with the 

decreased temperature in a much greater manner as compared to the incensement in 

its sol state.  
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Figure 7.38.  Variable-temperature fluorescence spectra of 1c in n-butanol (5 

mg/mL) from 90 oC to 15 oC. 

 

Table 7.5  Relationship of concentration and transition temperatures of 1c gel in n-
butanol. 

Concentration 
(mg/mL) 

Tg gel-sol 

(oC) 
Tg sol-gel 

(oC) 
Tg excimer-monomer 

(oC) 
Tg monomer-excimer 

(oC) 
5 80 35 > 90 > 90 
10 90 55 > 90 > 90 
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Figure 7.39.  Variable-temperature fluorescence spectra of 1c in n-butanol (10 

mg/mL) from 15 oC to 90 oC. 
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Figure 7.40.  Variable-temperature fluorescence spectra of 1c in butanol (10 mg/mL) 

from 90 oC to 15 oC. 

 

Figures 7.39 and 40 exhibit the heating and cooling process of compound 1c at 10 
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mg/mL, respectively. All gels of 1c in n-butanol were thermal reversible, and sol-gel 

transitions were also observed. The fluorescence emission peak also demonstrates a 

red shift as 1c in n-butanol from gel state to sol state. Table 7.4 summarizes the 

transition temperatures, which also showed increases with concentrations. Tg sol-gel of 

1c gel was improved from 35 oC to 55 oC, and Tg gel-sol of 1c was improved from 80 

oC to 90 oC as the concentration of 1c in n-butanol changed from 5 mg/mL to 10 

mg/mL.  

 

7.2.5  Gelation Mechanism 

7.2.5.1  Gelation Mechanism of 1a in n-Butanol 

NH
O

HN
O

O

O

NH

HN

1a  

Scheme 7.1.  The chemical structure of compound 1a. 
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Variable-temperature fluorescence spectroscopy studies suggest that amphiphilic 1a 

in n-butanol spontaneously assemble into fibrous through π-stacking interactions, 

which contains partial overlap and sandwich type excimers. In the sol state, it was 

observed that the sandwich type excimer emission predominated in the fluorescence 

spectra. When temperature was lower than Tg sol-gel, the intensity of partial overlap 

excimer emission was gradually stronger than that of sandwich type excimer 

emission, suggesting that the partial overlap stacking of pyrene units take an 

important role in the gelation. FT-IR studies suggest that these gelators are 

intermolecularly hydrogen-bonded. Although it was reported that protic solvents 

such as n-butanol are able to differentiate between hydrogen bonding and π−π 

stacking due to the capability of destroying interactions between molecules at high 

temperature,[14] DSC studies show that the aggregation of the self-assembled stacks 

of 1a are strongly interrelated, which displayed a second order transition. 

Furthermore, XRD investigation demonstrates that highly ordered column (Colr) 

structure is formed in the xerogel.  

 

By combining the data obtained above, the gelation mechanism of 1a is proposed as 

follows. Before proceeding further, it may be necessary to review the chemical 

structure of 1a first (Scheme 7.1), in which pyrene and 1,3,5-benzenetricarboxamide 

units are connected by a short oligomethylene spacer. Pyrene is a famous 

fluorescence probe for molecular aggregation due to its strong intermolecular π−π 

stacking interaction,[11-12] while 1,3,5-benzenetricarboxamide was self-assemble into 

helical columnar aggregates [15-19] relying on its threefold intermolecular hydrogen 

bonding and π−π stacking. Figures 7.41 and 7.42 demonstrate the two transitions, 

which may occur during the gelation process of 1a in n-butanol upon cooling:  
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Figure 7.41.  The proposed monomer-to-excimer transition mechanism of 1a. 

 

1) At above 70oC, compound 1a is molecularly dissolved in n-butanol, and the 

intermolecular interactions such as π−π stacking and hydrogen bonding between 

the molecules are hindered.  

 

2) With decreasing temperature, 1a molecules stack together, going through a 

transition from solution to sol. Owing to its polar nature, n-butanol solvent is 

capable of destroying the intermolecular and intramolecular hydrogen bonding at 

this stage, which thus allows a high degree of orientational freedom to 1a 

molecules. However, the solubilizing power of n-butanol is not sufficient to fully 

overcome the hydrophobic π−π interaction between the pyrene units. Hence, 

stacking to sandwich type excimers predominates.  

 

3) A further decrease of temperature leads to self-assembling of 1a molecules into 

disordered aggregates via forming hydrophobic π−π interaction.  
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4) When temperature is below Tg sol-gel, hydrophobic microenvironments around the 

inner molecules are created, and hydrogen bonding interference starts to take 

place in the assemblies. Because of the hydrogen bonding interacted along with 

the rigidity of the structure of 1a arisen from having a short oligomethylene 

spacer, the formation of partial overlap pyrene excimers becomes favorable.  

 

5) A slow increase in emission intensity corresponding to the partial overlap 

excimers was observed when the gel was placed at room temperature for a while, 

suggesting continuous formation of such excimers. Thus, it is reasonable to 

propose a more ideal assembly mode of 1a gel in which better ordered 

aggregates with partial overlap pyrene excimers are formed. 

 

 

Figure 7.42.  The proposed sol-to-gel transition mechanism of 1a. 

 

7.2.5.2  Gelation Mechanism of 1b in Toluene 
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Scheme 7.2.  The chemical structure of compound 1b. 

 

 

Figure 7.43.  The proposed gelation modes of 1b in toluene. 

 

Compound 1b has similar chemical structure to compound 1a. The difference lies in 

the length of oligomethylene spacer between the pyrene and 1,3,5-

benzenetricarboxamide units (Scheme 7.2). The increase in spacer length in 1b 

increases the solvophilicity of 1b, but leads to decreased gelation ability of 1b. The 

dynamic fluorescence properties of 1b in toluene at varying temperature during the 

gelation process show that more than one aggregate structure exist in the system. To 
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better illustrate the gelation mechanism, we propose two different modes of 

assembling structures of 1b, which are showed in Figure 7.43.  

 

Mode A is analogous to the assembly formed from the process of 1a in n-butanol 

proposed above, which explains the existence of the partially overlapping excimers 

in the sol upon cooling. Mode B represents a sandwich type assembly. Compared 

with the structure 1a, 1b has longer alkylidene spacer between the pyrene and 1,3,5-

benzenetricarboxamide units, which can offer enough space for 1b molecules to 

assemble in a head-to-head manner during gelation, thus a specific supramolecular 

assembling process (Figure 7.44). However, this process is forbidden in 1a gel 

because its short alkylidene spacer would exert greater steric effect if this 

supramolecular polymerization process proceeded. This two self-assembly manners 

in 1b gelation are also consistent with 1b xerogel SEM results, which displayed the 

co-existence of sheets and 1-D fiber structures. 

  

 

 

Figure 7.44.  The proposed gelation modes of 1b in toluene via supermolecular 

assembling. 

 

7.2.5.3  Gelation Mechanism of 1c in n-Butanol.  
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Scheme 7.3.  The chemical structure of compound 1c. 

 

The chemical structure of 1c is shown in Scheme 7.3 and the mechanism for its sol-

to-gel transition in n-butanol is proposed as below: 

 

1) At above 90oC in the solution state, compound 1c is molecularly dissolved, and 

the intermolecular interactions between the molecules such as π−π stacking and 

hydrogen bonding are not formed.  

 

2) With decreasing temperature below Tg monomer-excimer of 1c, the pyrene units on 1c 

molecules begin to partially overlap with each other through the formation of 

π−π stacking interaction.  

 

3) Further decreasing the temperature leads to the self-assembling of 1c molecules 

into disordered aggregates via building hydrophobic π−π interaction. When 

temperature is below Tgsol-gel, the self-assemblies pack closely and generate a 

hydrophobic microenvironment around the inner molecules, where hydrogen 

bonding interference also starts to take place. However, since only part of 1c 

molecules are hydrogen bonded, the pyrene moieties on 1c have enough free to 

align themselves to form sandwich type excimers. Further decreasing the 

temperature induces the gelation process, and finally, highly ordered assembled 
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structures are formed, as demonstrated in Figure 7.45.  

 

 

Figure 7.45.  The proposed gelation modes of 1c in n-butanol. 

 

7.3  Conclusion 

In this chapter, the self-assemblies of gelators 1a, 1b, and 1c under different 

conditions were further characterized and studied. The properties of these fluorescent 

gels showed a strong dependency on the chemical structures of gelators. Gels 1a and 

1c aggregated into a three-dimensional fibrous network structure, whereas gel 1b 

produced sheetlike lamellar structures. The assembly of pyrene moieties in the 

gelators was under the control of the aggregation of 1,3,5-benzenetricarboxamides 

aggregation and the length of the alkylidene spacers during the gelation process. 

These materials form self-assembled fibers consisting of columnar assemblies 

through intermolecular H-bonding, π−π stacking and van der Waals interactions. 

Finally, the gelation mechanisms of the gelators were proposed.  
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CChhaapptteerr  88    CCoonncclluussiioonn  

8.1  Introduction 

In this chapter, a final conclusion is made. The chapter begins with a restatement of 

the purposes of this study, followed by a summary of the major findings. The 

significance and implications of the study will then be presented. At last, the 

limitations of this research and recommendations for further work are discussed.  

 

8.2  Restatement of the Study’s Purposes 

After pioneering works concerning syntheses in the past twenty years, interest in 

dendrimers is now mainly driven by their application potentials, especially in the 

field of materials science.[7-12] PLA is high in strength and can be processed using 

most conventional method, but its inherent brittleness and low toughness pose 

considerable scientific challenges and hinder it to have access to a wide array of 

applications. One attempt of this study was to utilize phosphorus dendrimers as 

composite fillers to improve properties of PLA. Thus, investigations on various 

properties of phosphorus dendrimer/PLA blends were performed. The effects of 

different generations and type of the end groups on the blends’ properties were also 

explored.  

 

The advance in nanomaterials is one of the major challenges in material science in 

this century. The self-assembly of small functional molecules into supramolecular 

structures is a powerful approach toward the development of new nanoscale 

materials and devices.[13] Herein, our goal is to develop new self-assembled LMW 

gels with tunable fluorescent properties, by incorporating pyrene into the 1,3,5-
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benzenetricarboxamide units. We employed the alkyl substituted 1,3,5-

benzenetricarboxamide unit (1a, 1b), which was reported to form columnar 

aggregates in solid and gel sates, to study the features governing self-assembly of 

this chromophore-linked molecular system. For comparison, the gallic substituted 

benzenetricarboxamide (1c), which is unable to form columnar aggregate, was also 

used. The effects of the molecular structure changes of these organogelators on the 

gel properties were systematically studied. 

 

8.3  Summary of the Major Findings 

This study was carried out for two major goals, which have been achieved 

satisfactorily. Firstly, we have successfully applied phosphorus dendrimer to improve 

inferior properties of PLA based upon a composite approach. Secondly, three new 

desired fluorescent gelators were developed, in which their gel properties and 

gelation mechanisms have been fully studied. The major findings of this study are 

summarized as below:  

 

1) Phosphorus dendrimers of generation up to 4.5 were successfully synthesized in 

acceptable yields. Most of the dendrimers were studied and proven to be effective 

modifiers for PLA.  

 

2) G3 phosphorous dendrimer was the most effective to improve the mechanical 

properties of PLA. The findings on the G3 dendrimer/PLA blends are as follows: 

 

i) In rheological study, the addition of G3 dendrimer increased the complex viscosity 

of PLA obviously. This phenomenon indicates the existence of specific interactions 

between the dendrimer and PLA molecules in the blends.  
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ii) Mechanical properties study showed that G3 dendrimer was capable of 

reinforcing PLA. When 5 wt% of the dendrimer was added, tensile strength and 

elongation to break can be improved by as high as 35% and 8 times, respectively, 

from the raw. 

 

iii）SEM evaluation on their impact-fractured surface showed that the dendrimer 

particles formed in diameter of 2 μm can function as stress concentrators to improve 

PLA’s mechanical properties. Fine dispersion of the dendrimer particles in the 

polymer matrix is considered as the key factor for the toughening process.  

  

iv) Non-isothermal crystallization and isothermal crystallization studies showed that 

the blending of G3 dendrimer reduced the crystallization rate of PLA, as indicated 

by higher Tcc, lower K and longer t1/2. These results indicate the existence of 

intermolecular interactions in the system. DMA investigation revealed two Tg from 

the blends, suggesting that phase separation occurs between the dendrimer and the 

PLA matrix. 

 

3) The effects of generation and type of the end groups of phosphorous dendrimer 

were also investigated. The findings are as below: 

 

i) In rheological study, the blends with G0.5 and G1 phosphorous dendrimers 

showed lower viscosities than that of neat PLA at higher frequency, suggesting that 

better processibility can be achieved with these dendrimers at high shear rate. In 

general, the η* value increases with generation of the dendrimer at all frequencies. 

 

ii) All blends exhibited a characteristic of shear thinning flow, and the η* of the 

blends with the dendrimers containing dichlorothiophosphoryl-end-groups decreased 
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with increasing frequency much faster than that with dendrimers containing equal 

amounts of aldehyde end groups. This is probably in consequence of the stronger 

interactions of PLA with the dichlorothiophosphoryl end groups than with the 

aldehyde ends groups.  

 

iii) All the dendrimers were able to reduce crystallization rate of PLA and slightly 

depressed its Tm. This might be resulted from the dipolar interactions between the 

dendrimers and PLA. 

 

iv) The presence of G0.5 dendrimer decreased Tg, while others only slightly 

increased Tg for the blends. Isothermal crystallization analysis displayed that the 

avrami exponents of the blends varied between 2.5 and 3.0, indicating that the 

crystallization mode of the blends is of three-dimensional growth. However, the 

smaller the K and the larger the t1/2 indicated that decreased crystallization rates were 

observed for all the blends with the dendrimers added. DMA study exhibited a 

noticeable decrease of Tg for G0.5 dendrimer/PLA blend. Although only one Tg was 

observed in both the G1 and G2.5 samples, the Tg of PLA was almost no change. 

This result indicates that phase separation might occur in these blends.  

 

iv) While G1 and G2.5 can only provide weaker effects, G0.5 and G3 dendrimers 

displayed considerable improvement on mechanical properties of PLA. In particular, 

with G0.5 dendrimer, the strain at break can reach 35.2%, which is about 8 times as 

strong as neat PLA, without significant loss of tensile stress from the raw. By 

comparison, G3 dendrimer possessed an ability to enhance both the properties, 

where strain at break and tensile strength can be increased by nearly 5 times and 

35%, respectively. 
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v) SEM study revealed that there existed considerable ductile tearing and surface 

roughness on the G0.5 sample. This suggests that the crack paths are highly 

bifurcated, and crack propagation absorbs considerable strain energy before failure. 

The G1 sample also showed a tough surface, but much less plastic deformation 

morphology than on the G0.5. The G2.5 blend demonstrated a fracture surface 

containing fine particles but with only little regular dispersal. In the G3 sample, it 

was found that there was a fine dispersion of regular spherical dendrimer particles in 

diameter of around 2 μm, suggesting that the blend is heterogeneous. It is believed 

that such microdispersion of dendrimer particulates in the polymer matrix realized a 

special toughness effect to PLA. 

 

4) Three novel pyrene and 1,3,5-benzenetricarboxamide derived thermoreversible 

organogels that display tunable fluorescent properties were developed. The findings 

on the systems are as follows: 

 

i)  The gelators, 1a, 1b, and 1c, whose chemical structures are shown in scheme 8.1, 

were successfully synthesized in acceptable yields. Their molecular structures have 

been well characterized by means of NMR and FT-IR spectrophotometry.  

 

NH
O

HN
O

O

O

NH

HN

1a     

O

O

O
HN

HN

NH

HN
O

1b

 



- 226 - 

N
H O

N
H

C

C

C

N
H

O

O

H
N

OR

OR

OR

OR

OR

OR

O

R = n-C8H17

1c  

Scheme 8.1.  The chemical structures of 1a, 1b and 1c. 

 

ii)  Gelators 1a, 1b, and 1c were capable of forming gels in a range of solvents. 

Gelator 1a can gelate in n-butanol, n-pentanol, n-hexanol, dicholomethane, 

chloromethane, benzene, tolulene, and xylene in the test. The gels formed by 1a in 

protic solvents such as n-butanol, n-pentanol, and n-hexanol can be stable for weeks 

without phase separation, while those in aromatic solvents only lasted for minutes or 

hours. Compared with 1a, 1b has relatively weaker gelation ability; stable 1b gels 

were observed in aromatic solvents only. However, the corresponding critical 

gelation concentrations for 1b were much smaller than that for 1a. Remarkably, 1c 

demonstrated the best gelation ability among the three gelators with the most kinds 

of solvents forming gels and the lowest minimum gelation concentrations. The gels 

formed by 1c were superb stable, some of which can even last for several months at 

the concentration as low as 0.4% (w/w). 

 

iii)  DSC data showed that the gelation processes were thermoreversible, with first 

order sol-gel transition for 1b in aromatic solvents such as benezene, toluene, and 

xylene and second order for 1a and 1c in protic solvents such as n-butanol, n-

pentanol, and n-hexanol. 

 

iv)  Gelators 1a and 1c in protic solvents generated three-dimensional fibrous 
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network structures in during the produced sheetlike lamellar structures. The 

assembly of pyrene moieties in gelators was under the control of the aggregation of 

1,3,5-benzenetricarboxamides aggregation and the length of the alkylidene spacers 

during gelation process. These materials form self-assembled fibers consisting of 

columnar assemblies through intermolecular H-bonding, π−π stacking and van der 

Waals interactions. 

 

v)  FT-IR investigation revealed that the assemblies formed by 1a or 1b in protic 

solvents or aromatic solvents were H-bonded, while both H-bonded and mono-

molecular species were observed in 1c n-butanol gel. 

 

vi)  The effects of temperature variation on the fluorescence spectra of the gels 

showed that the aggregation of the pyrene groups originating from the gelators 

molecules can be tuned by the substituted 1,3,5-benzenetricarboxamides and the 

length of linker. The formation of the partially overlapping pyrene excimer played a 

key role in the transition process of 1a in n-butanol. Due to relatively poor solubility 

of 1b in tolulene, no monomer-to-excimer transition of 1b was observed. Instead, 

both partially overlapping pyrene excimer and sandwich type excimer can be found 

in its gelation process. On the other hand, the gel formed by 1c in n-butanol showed 

only sandwich type excimer emission, indicating the pyrene moiety in 1c is not fixed 

but free to fully overlap.  

 

vii)  XDR analysis confirmed that ordered columnar stacking structures were 

constructed in the gels of 1a, 1b, and 1c during the gelation processes. 

 

viii)  Based the data obtained, three possible mechanisms have been discussed and 

proposed for the respective gelation processes. 
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8.4  Significance and Implications of This Study 

The applications of PLA have been increasingly demanded in many fields due to its 

environmental biodegradability, biocompatibility, and thermoplastic fabricability. 

Unfortunately, its inherent brittleness and low toughness hinder it to have access to a 

wide array of applications. Combining dendrimers to improve performances of 

aliphatic polyesters like PLA is proven to be a true opportunity. In this work, a new 

composite system comprising bulk PLA with phosphorous dendrimer fillers has been 

established. Not only mechanical properties but also other properties can be 

enhanced, where it is claimed that both the G0.5 and G3 dendrimers are effective 

strengtheners by offering plasticizing and toughness effects to PLA, respectively. 

Besides, through a series of studies, good breadth and depth of understanding on the 

system can be realized and  
 
It is hoped that such findings can help explain well the potential of dendrimers in a 

composite system, which has never been reported. On the other hand, the successful 

outcomes should make considerable contribution to the advance of degradable 

materials useful in a wide range of different areas.  

 

Intensive studies have also been extended to development of new functional soft 

materials through molecular self-assembly in this study. Organogel, a kind of 

supramolecular soft material, has attracted considerable attention over recent years 

due to its smart response to the stimulation of the chemical and physical 

microenvironments. Such supramolecular gels exhibit potential applications in 

sensors, nanodevices, drug delivery and release, catalyst carriers, template synthesis, 

and so on. We have successfully developed novel pyrene and 1,3,5-

benzenetricarboxamide derived thermoreversible organogels that display tunable 

fluorescent properties. Gelators 1a, 1b and 1c were synthesized, and showed 
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excellent gelation ability in a number of organic solvents. These materials form self-

assembled fibers consisting of columnar assemblies through intermolecular H-

bonding, π−π stacking and van der Waals interactions. The present study will 

provide new valuable information for the creating new advanced nanoscale materials. 

Furthermore, the special aggregation-induced emission enhancement herein will help 

to design luminescent organic compounds and polymers with highly emissive 

aggregation states and overcome the quenching problems during the development of 

organic light emitting diodes. 

 

8.5  Recommendations for Future Work 

8.5.1  Biodegradation Study of Phosphorus Dendrimer/PLA 

Blends 

Degradation is a process where the deterioration in the properties of the polymer 

takes place due to different factors like, light, thermal, mechanical etc. As a 

consequence of degradation, the resulting smaller fragments do not contribute 

effectively to the mechanical properties, the article becomes brittle and the life of the 

material becomes limited. Thus, any polymer or its composite, which is to be used in 

outdoor applications, must be highly resistant to all environmental conditions. The 

study of degradation and stabilization of polymers is an extremely important area 

from the scientific and industrial point of view and a better understanding of polymer 

degradation will ensure the long life of the product. Ａ priority in future research 

would be explore the degradability of the phosphorous dendrimer/PLA blends. 

 

Several methods can be employed to assess the biodegradability of PLA and 
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phosphorous/PLA blends. Herein, two commonly used methods for other research 

are presented below:  

 

1) Biodegradability of neat PLA and various blends can be studied on a compost 

instrument at different temperatures (25 oC, 40 oC or 60 oC), which determine the 

biodegradability of PLA. The used compost can be prepared from food waste which 

are also commercial obtainable (such as Japan Steal Works Ltd., Japan). The initial 

shape of the test specimen can be made according to the experiment conditions, such 

as 3*10*0.1 cm3 and need be crystallized at 110 oC for 1.5 h (these parameters can 

be set according crystallization measurement results) before performing the 

degradation test in order to remove prior thermal history. The molecular weight can 

be obtained by GPC. Tg and Tm can be assessed by DSC after a degradation period. 
 
2) Neat PLA and various blends are dissolved in 2.0 mL of acetone in a 15 mm 

internal diameter glass vial. After the solvent is evaporated, 10 mL of 0.2 mol/L 

phosphate buffer solution (PBS, pH 7.4) can be added. The flasks keep at 37.0 oC ± 

0.5oC in a shaking bath (80 rpm) for predetermined periods of time. After each 

degradation period, the specimens will be washed with distilled water, dried in a 

vacuum oven at 40 oC for 24 h and weighed. The weight remainder percentage of the 

specimen can be calculated from the dried weight obtained before and after 

degradation. The molecular weight can be obtained by GPC [25]. 

 

8.5.2  Copolymerization of PLA and Phosphorous 

Dendrimer to Obtain Supramolecular Materials  

E. W. Meijer and his coworkers have copolymerized telechelic polymers with 

benzene-1,3,5-tricarboxamide (BTA) which was found to self-assemble into helical 
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columnar aggregates [26] in a variety of materials relaying on threefold intermolecular 

hydrogen bonding and π−π stacking, and led to supramolecular materials 1a and 1b 

(scheme 8.2). The intrinsic phase segregation of BTA nanorods (Figure 8.1) with an 

amorphous polymer such as poly(ethylene butylene) PEB results in thermoplastic 

elastomeric behavior. 

 
Scheme 8.2.  The chemical structures of copolymer 1a and 1b. 

 

 
Figure 8.1.  AFM phase image of (A) 1a and (B) 2b. The scale bar is 100 nm. [26] 
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Figure 8.2.  Amine telechelic PEB before (left) and after (right) functionalization 

with a BTA moiety. [26] 
 

 

On the other hand, R. Yin, Y. Zhu, and D. A. Tomalia reported the synthesis of rod-

shaped, cylindrical dendrimers derived from a high multiplicity (Nc) 100-500), linear, 

random coil polymeric core and found dendrimers self-organizated into parallel 

bundles of extended rods which embedded in an amorphous polymer matrix via 

TEM. However, the mechanical properties of this supermolecular material did not 

measure [27].  

 

 
Figure 8.3.  Electron micrograph (TEM) of ammonia (NH3) core; 
dendripoly(amidoamine) PAMAM; G = 4(a); Z = (-CO2Na)48; Nc = 3. Note: self-
organization of dendrimer spheroids into clusters. [27] 
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On the basis of the present results in this research as well as these findings reported 

by other researchers, it will be highly interesting to copolymer phosphorous 

dendrimer with PLA to discover whether supermolecular material can be obtained, 

and its corresponding be improved or not. 

 

8.5.3  Incorporating Chiral Center into LMW Gels System 

The Circular dichroism spectra can be recorded on a spectropolarimeter equipped 

with a temperature controller. In order to elucidate the gelation process, the induced 

circular dichlroism spectra of the aggregates formed by 1,3,5-benzentricarboxamide 

units can be observed. 
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AAppppeennddiixx  

  
Figure A1. H1-NMR of Compound 3.8  
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Figure A2. C13-NMR of Compound 3.8  
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Figure A3. H1-NMR of Compound 3.11  
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Figure A4. C13-NMR of Compound 3.11  
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Figure A5. C13-NMR of Compound 3.11  
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Figure A6. H1-NMR of Compound 1a  
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Figure A7. C13-NMR of Compound 1a  
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Figure A8. H1-NMR of Compound 1b  
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Figure A9. C13-NMR of Compound 1b 
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Figure A10. H1-NMR of Compound 3.17 
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Figure A11. C13-NMR of Compound 3.17 
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Figure A12. H1-NMR of Compound 3.18 
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Figure A13. C13-NMR of Compound 3.18 
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Figure A14. H1-NMR of Compound 1c 
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Figure A15. C13-NMR of Compound 1c 
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Figure A16. P31-NMR of G4 phosphorous dendrimer  
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Figure A17. P31-NMR of G3 phosphorous dendrimer  
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Figure A18. H1-NMR of G3 phosphorous dendrimer  
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