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Introduction 
 
     When a glass-forming liquid is cooled fast enough, crystallization can be prevented, thus a 

glass is formed. The transition from liquid to glass is characterized by a brutal increase of 

both viscosity and relaxation time. A temperature, called glass transition temperature (  ) is 

classically defined as the temperature at which the relaxation time attains to 100 seconds (or 

the viscosity reaches to value     Pa.s). The associated dynamics phenomenon is called  -

relaxation. Despite almost 100 years of research on the liquid/glass transition, it is not yet 

clear which molecular mechanisms are responsible for the unique slow-down in molecular 

dynamics1. 

     Molecular dynamics is a critical factor for the development of materials requiring 

structural flexibility2,3 or requesting complicated performances at the molecular level, such 

as in actuators and sensors4,5. In polymers, various investigations have been done to 

characterize the structural dependence of molecular dynamics as a function of time and 

temperature. In recent years, specifically in our group EIRCAP (GPM), molecular dynamic 

characterizations have been reported for nano-composite polymers6, multilayer polymers7,8, 

plasticized polymers9,10 and crystallized polymers11–13. 

     Polymeric glass formers have complex architectures in which macromolecules are 

randomly structured with many entanglements. Thus, there is a real interest in investigating 

how the average length of the chain influences the molecular dynamics. As previous results 

seem to suggest, the α-relaxation in polymers (which is related to dynamic glass transition) is 

strongly correlated to the nature and number of intermolecular interactions between the 

macromolecules. In this work, we investigate how reducing the chain length (or molecular 

weight) and crytallization impact the molecular dynamics in our systems such as fragility, 

glass transition temperature and etc.  

     The chosen systems are low-molecular-weight polyesters that are oligomers of D/L lactic 

acid series with different dispersity. They were synthetized and supplied in company 

‘’Condensia Química’’ placed in Spain, by collabraion with  Dr. E. Passaglia in ″Isituto di 

Chimica dei Composti Organometallici (ICCOM)″14 which is based in Italy and Dr. S. Fiori 

in‘’Condensia Química’’. Besides, PDLLA (grade 4042D) which is a well-studied bio-

degradable and a linear thermoplastic polymer is used in this work.  

     The fundamental concepts which are needed to understand the different aspects of glassy 

physics and to interpret the molecular dynamics as well as the relaxation phenomena 

involved in the polymer glasses are explained in Chapter1. More details about the relaxation 

phenomena, models of glass transition, fragility, cooperativity, crystallization, confinement 

effects etc. are written in Chapter1. 

     In Chapter2, the experimental techniques used in this work are illustrated. For thermal 

analysis the different types of Differential Scanning Calorimetry (DSC) techniques such as 

Modulated Temperature DSC (MT-DSC), Hyper DSC and Fast Scanning Calorimetry (Flash 

DSC) were used. Calorimetry techniques offer a wide dynamic range regarding heating and 

cooling rates, including isothermal and temperature modulated operation. They allow a 
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qualitative and quantitative determination of the thermal phenomena accompanying a 

phase transformation or structural evolution for a broad range of materials15–17. Besides, in 

order to study the molecular dynamics of our samples, the Dielectric Relaxation 

Spectroscopy (DRS) was applied, which is a powerful technique due to a very broad 

frequency range from milihertz to megahertz18. DRS allows probing multiple dipolar 

fluctuations in a variety of structures, such as local molecular fluctuations at low 

temperatures or the dynamic glass transition ( -relaxation) due to cooperative molecular 

motions at high temperatures. Details of the all samples are assigned in this chapter.  

     Chapter3 is focused on the systematic study of the effect of molecular weight on 

molecular dynamics in amorphous oligomers of lactic acid and PDLLA through calorimetric 

techniques and Dielectric Relaxation Spectroscopy (DRS). The effect of molecular weight on 

glass transition temperature and fragility was studied for several polymers19–21 specially 

polystyrene22 but oligomers of lactic acid can give us a new insight for evolution of molecular 

dynamics with decreasing molecular weight. By using calorimetry techniques we will also 

investigate the effect of the cooling rates on glass transition especially thanks to Flash DSC 

which allows exploring thermal properties of materials over a broad range of heating and 

cooling rates, complementary to rates usually used with DSC. In parallel using Dielectric 

Relaxation Spectroscopy (DRS) technique over a wide range of temperature and frequency 

leads to observe several relaxations for samples. From both techniques the glass transition 

temperature (  ) and fragility index ( ) will be obtained and compared. The temperature 

dependence of the cooling rate obtained by Flash DSC will be compared to the temperature 

dependence of the relaxation times obtained from DRS.  

     In Chapter4, the molecular dynamics in semi-crystalline oligomer of lactic acid with 

 ̅             is investigated. This work is in continuity of previous studies performed 

in EIRCAP (GPM)23–26 and that will be contribute to increase the knowledge about 

amorphous phase dynamics in semi-crystalline systems by investigating semi-crystalline 

oligomers, which has not been done yet in EIRCAP. The glass transition and fragility can be 

affected by crystals in semi-crystalline polymers, however the discussion about the influence 

of the crystalline phase on the fragility index ( ) is still intense27. Some authors associate the 

variation of fragility index in semi-crystalline polymers to the establishment of the RAF28,29 

(Rigid Amorphous Fraction)  whereas other people suggest that if the polymer backbone is 

less flexible the fragility is more affected due to confined amorphous phase30,31. No global 

law has been established till now, as the variation of fragility index with the crystallization 

conditions depends on the considered polymer32. So semi-crystalline polymers create a 

worthy model to study the dynamic behavior of polymeric chains27. 
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     This chapter introuduced some critical concepts in order to understand the different 
aspects of glassy physics and interpret the molecular dynamics as well as the relaxation 
phenomena involved in the polymer glasses. Focus is also done on the effect of covalant 
backbone length on the molecular mobility in amorphous and crystalline polymers and 
oligomers.  
     In this work, the influence of molecular weight and crystallization can be consider as a 
confinement effect, where confining a system to a scale comparable to its characteristic 
length (for macromolecules, gyration radius for example) results in significant deviations of 
the structural, dynamical and thermo-dynamical properties with respect to the bulk. Many 
studies demonstrate effects of different types of confinement on the dynamic properties 
around glass transition behavior1–4. 

1- Glassy and supercooled liquid states 

     We have been producing glass for more than 5000 years. Examples include tools to hunt, 

packaging to preserve our food, transparent panels to isolate us from cold, and thin layers 

where the simple touch of our fingers is transformed into information. All of these are glass. 

Under this generic name, we identify a class of materials showing a solid-like response, 

though lacking (like liquids) the long-range order of crystals. 

     Glasses are prepared by quickly cooling or pressurizing a liquid, which induces a slow-

down in molecular motion. When these operations are performed at a constant rate, the 

timescale of structural relaxation eventually exceeds the time allowed for equilibration (the 

inverse of the cooling/pressuring rate). This brings the system out of equilibrium and is 

referred to glass transition. Once a liquid is cooled down fast enough to avoid crystallization, 

it will turn into a disorder. Such materials are called glass-formers which exhibit very 

different chemical nature and can be formed in many ways5. Glass formers include oxides6, 

chalcogenide7, halides8, organic components9, polymers10 and etc.  

     Despite almost 100 years of research on the liquid/glass transition, it is not yet clear 

which molecular mechanisms are responsible for the unique slow-down in molecular 

dynamics. As Nobel Laureate P. W. Anderson11 stated, glass transition is the “...most 

interesting unsolved problem in solid state theory...  

     When a glass-forming liquid is cooled fast enough, its viscosity reach to value     Pa.s or 

relaxation time attain to 100 seconds at a temperature which is called glass transition 

temperature   
12. The associated dynamics phenomenon is called  -relaxation. The more 

crucial question is: what kind of changes at the molecular level induce such a tremendous 

increase in relaxation time in a liquid as it approaches to glass transition? Many models and 

theories can explain the nature of glass transition phenomenon in different glass formers 

such as thermodynamics models13, mode coupling theory14, Adam and Gibbs theory15, free 

volume approach16 and etc. 

     The thermodynamic properties (volume, enthalpy, entropy…) of the glass formed going 

through glass transition leave the equilibrium, so a glass is then a non-equilibrium state. 
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Figure1-1 Schematic picture of the temperature dependence of a thermodynamics properties of a 

glass forming liquid. (According to D. Cangialosi’s article17.)   : Kauzmann’s temperature.   : glass 

transition temperature.   : melting temperature.    : configurational entropy    =         -         . 

      Figure1-1 depicts the variation of thermodynamic properties in glass-forming systems at 

constant pressure as a function of temperature leading to the formation of an amorphous 

solid, namely a glass. In Figure1-1, following temperatures are indicated: 

(i)   , is the melting temperature. At this temperature an abrupt discontinuity of 

the thermodynamic properties turn crystals into liquid state through a first order 

transition. At high temperature in the liquid state, the glass-forming liquid is in 

equilibrium. The viscosity is low (     Pa.s) and the molecular motion is high. 

Upon sufficient cooling rate to avoid crystallization, the system is in metastable 

state below melting temperature what is called supercooled liquid. 

(ii)   , is the temperature for which the supercooled liquid transforms into a glass at 

the cooling rate of the experiment. On the other word, the intersection of the 

liquid and glassy lines defines glass transition temperature    . Upon cooling, the 

viscosity increases and the molecular mobility decreases. The thermodynamic 

properties gradually decrease up to change in slope at glass transition 

temperature where the glass-forming liquid vitrifies. Comparing with melting, 

vitrification occurs relatively over a wide range of temperature. 

(iii)   , is fictive temperature. There is a common way to define the thermodynamic 

state of a glass, that was long ago introduced by Tool18; that is, the temperature 

at which a glass in a certain thermodynamic state would be at equilibrium.  

(iv)   , Kauzmann temperature, is the temperature at which the entropy of the 

supercooled liquid equal with the corresponding crystal. 

     Right part of Figure1-1 shows the stability plots for (a) the metastable supercooled 

liquid; (b) the out of equilibrium glass and (c) the stable crystal. 
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1-1 The Dependence of    with the cooling rate 

     The kinetic nature of glass transition is well established by dependence of    with cooling 

rate19,20 which is defined as    
  

  
 . If the cooling process is viewed as a serie of 

temperature steps, then cooling rate shows the time t spent at each temperature   (  
 

  
 ). 

This allows us to introduce the notion of relaxation time   which is the time required for the 

system to reach equilibrium after external perturbation. Thus the liquid falls out of 

equilibrium when   is smaller than the relaxation time  , on the other hand the system can 

not stay in equilibrium by lack of time, so this shows the temperature dependence of 

relaxation time. 

      As you see in Figure1-2, fast cooling rate leads to high glass transition temperature while 

slowing down cooling rate will reduce the glass transition temperature because by applying 

high cooling rate the rearrangement of molecules will be low so molecules will be frozen 

more quickly.  

 

 

Figure1-2 Schematic picture of the temperature dependence of the thermodynamic properties of a 

glass forming liquid for different cooling rates. 

 

2- Molecular dynamics of glass-forming systems 

      In glass-forming materials different atomic and molecular motions exist above and below 

glass transition. Upon cooling from a liquid, molecular motions are slowed down as 

approaching the supercooled liquid state. This slowing down extends from picoseconds to 

almost one hundred seconds in the glass transition area. For polymers, different relaxation 

processes exist depending on the size of the molecular segments involve in the movement. 

Generally we can distinguish two major types of molecular motions: 

     (i) Molecular mobility around glass transition which is called ‘’segmental motion’’, since it 

is cooperative and involves the movement of long chain segments of polymers. Such 

molecular dynamics is also identified as α-relaxation because of its typical appearance at a 

𝛃′ > 𝛃′′ > 𝛃′′′  
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lower frequency in a dielectric relaxation profile and is characterized by an Arrhenius to a 

non-Arrhenius dependence of the relaxation time when reaching glass transition21. 

     (ii) Molecular mobility below the vicinity of glass transition which is called ‘’localized 

motion’’, since it involves the local movement of group of molecules within the 

macromolecule chain segment of polymers. When the temperature is decreased from the 

vicinity of the glass transition towards below, α-relaxation process is becoming slow and so 

its relaxation time will be often longer than the time scale of experimental observation. 

Thus, fast local motions of individual molecules or parts of molecules may occur, designated 

as secondary relaxation processes (beta, gamma, delta,…). Fast local motions take place at 

different scales and the temperature dependence of their relaxation time is characterized by 

an Arrhenius behavior. These processes may have inter and/or intra molecular origin. 

     Among different secondary relaxation phenomena, the slowest one is called Johari-

Goldstein (JG) relaxation, which has an intermolecular origin. It is assumed that this process 

is related to rotation of entire molecules22. In the 1970s scientists Johari and Goldstein 

demonstrated the existence of a secondary relaxation in completely rigid molecules23. 

Today, Johari-Goldstein relaxation is believed to be a universal feature of all glass formers 

and serves as the precursor of the primary α-relaxation24. Other secondary relaxations 

(generally faster than the JG relaxation) exist and originate from intramolecular 

reorientations of some flexible parts of the molecules.  

      In polymers, chain motions may be affected by molecular weight, geometric factors, 

polarity, crystallization and etc. Thus the molecular motions and the relaxation maybe arise 

from different interaction: (1) Covalent bonds along the main macromolecular chains which 

are strong. (2) Weak bonds which have less energy. 

 2-1 Relaxation phenomenon above    in liquid-state 

     The combination of relaxation phenomena is still a challenge in order to understand the 
molecular dynamics in glass-forming liquids. However, according to their chemical nature or 
their structures, glass-forming liquids can display a deviation more or less from Arrhenius to 
the non-Arrhenius behavior. One of the most challenging is the explanation of the Arrhenius 
to non- Arrhenius temperature dependence of α-relaxation as approaching the glass 
transition. In the supercooled liquid state ( >   ), the segmental relaxation corresponds to 

the relaxation process which is associated to the molecular rearrangement. 
     By using experimental technique like dielectric spectroscopy, the characteristic relaxation 

times     of α-relaxation are measured as a function of temperatures, so glass transition is 

observed by assuming that, it occurs when the segmental relaxation time reaches 100s. 

     The simplest model relevant for the description of the relaxation time dependence above 

the glass transition temperature in the supercooled liquid state is the Arrhenius activation 

model. The Arrhenius like behavior law is given by the following equation: 

 

                                                                     
  

   
                                                  (1.1)      
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     Here,    is the relaxation time at infinite temperature,    is the activation energy which is 
related to the energy needed to overcome the barrier leading to molecular motions.    is 
Boltzmann constant. Motions associated to δ and ϒ-relaxations display low activation 
energies due to their localized nature, whereas   and  -relaxations present higher activation 
energies.  
      
     Generally, from very high temperatures toward cross over temperature    , which has 
been predicted by the mode coupling theory25 (Figure1-3), most of glass-forming liquids 
exhibit an exotic temperature dependence of molecular mobility, the secondary relaxations 
(       still describe an Arrhenius behavior whereas the slowing down of the α-relaxation 
cannot be outlined by an Arrhenius tendency. The observed non-Arrhenius behavior can be 
described by the empirical Vogel-Fulcher-Tamman26,27(VFT) equation: 
 

                                                                 (
   

    
)                                             (1.2)   

     Where   ,    and D are fitting parameters. D is the strength parameter (related to 

fragility, introduced in next section) and    is a characteristic temperature below    which is 

called Vogel temperature.    is a hypothetical thermodynamic temperature at which 

cooperative molecular mobility is regarded to be close to zero. 

 

Figure1-3 Schematic plot of the temperature dependence of relaxation processes for a glass-forming 
liquid upon cooling28.    corresponds to the cross-over temperature where α and β-relaxation 
merge.    is the glass transition temperature where relaxation time reach hundred seconds.    

defines Kauzmann’s temperature. Plot was taken from the thesis of Xavier Monnier28. 
 

      In the liquid state, because of the strong coupling between the primary and secondary 
processes, it is very difficult to characterize secondary relaxation times. In this case, the 
temperature dependence of the secondary relaxation times can be more complex (a single 
VFT equation is not sufficient). Ngai29 indicated that most of glass forming liquids, including 
polymers, present a crossover between two differentiated temperature dependence of the 
relaxation time at a temperature   . From very high temperatures to   , the relaxation times 
related to         relaxations upon cooling shows and Arrhenius behavior (Figure1-3). At    
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the  -relaxation becomes cooperative, that was introduced by Adam and Gibbs ‘s theory 
(will be explained in section4), so  -relaxation exhibits non-Arrhenius behavior. In order to 
provide a good fit for relaxation data in the temperature range between    to   , two VFT 

equations are required (one at high and one at low temperature). 

 

 

2-2 Relaxation phenomenon below    in glassy-state 

     Upon cooling, structure of the liquid becomes “frozen” and the system reaches the glassy 

state. Far from equilibrium, the time scale of structural relaxation below    is extremely 

long. Nowadays, only predictions of the α-relaxation times may be conducted. Thus, in the 

glassy state, usually just secondary relaxations coming from some local molecular motions 

are experimentally measured. Although,    is an undetermined quantity below the glass 

transition, but knowledge of the time scale of the α-relaxation below    is crucial to select 

suitable storage conditions of amorphous materials against a potential crystallization and 

chemical instability. Consequently, estimation of    in the glassy state is substantial. 

     One of the main characteristic features of secondary relaxations is that they can be 

observed at very low temperatures, far below   . Hence, they are considered as the main 

source of motion in the glassy state. The temperature dependence of these secondary 

relaxation times in the glassy state is usually described by Arrhenius equation (Eq.1.1). 

     Sometimes, identification of the nature of secondary relaxations is very complex due to 

their distinct dielectric spectra appearance. For example, Johari-Goldstein (JG) relaxation 

process is assumed to have much lower magnitude than the structural α-relaxation, 

therefore, secondary relaxation of intermolecular nature may not be visible in the dielectric 

spectra. By contrast with a well pronounced relaxation peak, the high-frequency α-peak 

shows an excess wing (high frequency wing). This excess wing which is demonstrated in 

Figure1-4 can be well described by a power law: 

 

                                                                                                                                           (1.3) 

   

      As you see in Figure1-4, at higher frequencies than secondary relaxation processes, some 

other feature appears like a peak which is called boson peak which reflects the vibrational 

properties of systems.    

     Already, the excess wing was interpreted as an inseparable part of the α-relaxation30. 

Nowadays, the excess wing is believed to be an unresolved JG relaxation, concealed by the 

most intense α-peak (Figure1-5). The interpretation of both the excess wing and nature of 

secondary relaxations can be resolved by performing dielectric studies at elevated 

pressure31. 
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Figure1-4 schematic view of dielectric loss process as function of frequency at two temperatures    

and    displaying the α-relaxation, the β-relaxation and an inflection in the high frequency flank of 

the α-process called excess wing. At frequencies higher than the β-process, a boson peak could be 

visible, reflecting vibrational properties of the system.(Adapted  from F. Kremer’s article32.) 

 

Figure1-5 Dielectric spectra of glass-forming systems (Adapted from K. L. Ngai ‘s article24). (a) Solid 

line shows the additional power law with a weaker slope compared to the α-relaxation peak. (b) 

shows JG-  relaxation. 

3-Models of glass transition 

     Numerous theories, models and approaches13,33–35 have been proposed to explain the 

fundamental nature of glass transition in glass-forming liquids. The validity of different 

theoretical descriptions have been widely studied5,12,36. However there is no general 

accepted theoretical model which can describe all aspects of glass transition. In this chapter 

we confine briefly our consideration on two models: Adam-Gibbs’s model and free-volume 

model. 

3-1 Adam-Gibbs’s model 

     Adam and Gibbs in 196515 proposed a theory in which the configurational entropy     
determines the rate of  -relaxation. In fact the central idea of entropy based systems arises 
from the slowing down of relaxation dynamics upon cooling, coming from the decline of 
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configurational entropy and consequently the amount of available configurations. Adam and 
Gibbs’s approach is the most popular entropy based model. They suggested that relaxation 
processes involved in glass-forming liquids upon cooling take place through cooperative 
rearrangements of molecular groups. In other words, the motion of such groups are only 
possible if a given number of neighboring molecular groups are also in motion. They 
discussed that the number of molecular groups involved in those cooperative 
rearrangements grows by decreasing temperature.  
     The size of cooperative rearranging region (CRR), is defined as the smallest region which 
can be subjected to a new configuration without requiring any simultaneous configurational 
change on and outside its limit. Those subsystems are assumed to relax independently of the 
others. The CRR size increases as temperature decreases, namely the configurational 
entropy    decreases. Thus, by assuming that the energy barrier to overcome in order to 
relax is proportional to the size of the region, the temperature dependence of the relaxation 
times   of glass-forming liquids approaching the glass transition is then described by the 
following equation: 
 

                                                                              
 

   
                                                        (1.4) 

     Where    and   are constant. This equation states the relationship between relaxation 

time and configurational entropy of a glass-forming liquid when approaching glass transition. 

3-2 Free-volume model 

     The concept of free volume   , and the idea that the mobility of molecules at any 

temperature is primarily controlled by the free volume, was proposed by Doolittle37 in 

explaining the non-Arrhenius temperature dependence of the viscosity ƞ, of liquids of low 

molecular weight. The free volume   , is defined as the difference between the total specific 

volume   and occupied volume   . The Doolittle equation is: 

                                                                                                                (1.5) 

     Where A, B are constants, describes well the temperature dependence of the viscosity. 

The physical basis for free volume can be understood from the theory of Turnbull and 

Cohen34. According to them, motion of a molecule can occur only a void having volume 

greater than a certain critical value is available for it to move into. The voids are created by 

fluctuations or the redistribution of free volume coming from the collective or cooperative 

motion of molecules. On cooling, the glass transition region begins when the free volume 

falls below some value at which the molecular mobility is low enough that the material 

cannot reach equilibrium. 

     In other words Turnbull and Cohen assumed that, the free volume in viscous liquid is 

continuously redistributed without any expense of local free energy and molecular mobility 

is associated with movement of atoms or molecules into voids of approximately equal or 

greater than that of molecular dimensions. Motion of molecules lead to redistribution of the 

free volume   .     
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     The free-volume model can be used to describe the temperature dependence of 

relaxation process (such as  -relaxation) or viscosity. However the model does not address 

the temperature dependence of the viscoelastic response of motion on the longer-length 

scales in polymers. 

4- Concept of fragility 

     Different supercooled liquids can be classified on the basis of the temperature 

dependence of dynamic and (or) thermodynamic quantities by concept of fragility. The 

fragility concept, in its modern form, has been introduced and developed by Angell38–40. This 

parameter describes, in its kinetic (dynamic) version, how fast the  -relaxation time (  ) 

increases with decreasing temperature on approaching the glass transition temperature,    , 

defined as the temperature where    becomes equal to 100s. In fact kinetic fragility index 

( ), characterizes the dynamic properties of a liquid and changes in the molecular mobility 

as approaching glass transition temperature. This parameter is defined as: 

                                                                           
       

  
  

 
 
|
    

                                                       (1.6) 

     The value of relaxation time depends on experimental techniques and is rather difficult to 

access when the value of    is large, so for these reasons, in non-polymeric liquids, the 

fragility is usually defined through the temperature dependence of the shear viscosity  39. 

     Glass-forming liquids can be classified into three categories by using the fragility index 

m39: “fragile”, “intermediate” and “strong”. ‘‘Strong’’ systems have low values of fragility (  

is close to 16) and show a weak temperature dependence of   , that can be described by an 

Arrhenius law, while ‘‘fragile’’ systems have high value of index   (up to 200-250) and show 

(close to   ) a much faster temperature dependence of   , which is described by non-

Arrhenius behavior (Figure1-6).  Thus, “strong” glass-formers are considered more physically 

stable than “fragile” one. In The other words, in a fragile material physical properties change 

abruptly as it approaches   , whereas in strong materials they show a strong resistance to 

change with temperature, undergoing a relatively smooth transition from the rubbery state 

to the glassy state. Hence, fragility of a glass-forming liquid was proposed to be a measure of 

structural stability, and thus an important parameter to characterize glass formation. 

     Understanding the structural parameters of polymers that control their fragility and 

differentiate them from other glass-forming systems remains a challenge. The flexibility of 

side groups relative to the flexibility of the backbone is the most important factor controlling 

fragility in polymers41,42. Already, Ngai et al.43 related fragility of polymers to chain stiffness 

and side group bulkiness. Usually, polymers with stiff backbones such as polycarbonates 

(PC)42 and polymers with flexible backbones but bulky side groups, such as polystyrene (PS) 

show high fragility42,44,45 , whereas polymers with flexible backbones and no side groups 

have low fragility. For the most common type of polymeric structure, C-C or Si -O containing 

side groups, the fragility increases with increasing relative stiffness of side groups versus the 

backbone41.  Other studies reveal that oligomers usually exhibit low or intermediate fragility 

(m ∼ 60-90), similar to that of small molecular weight liquids with van der Waals 
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interactions46. Generally an increase in chain length leads to an increase in fragility in most 

polymers47,48, but in some polymers with flexible backbones such as polydimethylsiloxane 

(PDMS) and polyisoprene (PIP) with increase in chain length there is no (or very weak) 

change in fragility42,44 .  Beside structural parameters of polymers that control their fragility, 

the presence and amount of crystals in polymers can affect on value of fragility49. 

 

Figure1-6 Angell’s plot showing the variations of relaxation time  , or viscosity ƞ, as a function of 

normalized temperature 
  

 
⁄  . 

     According to many studies, there is a correlation between the value of the fragility and 

other properties of the supercooled liquids, such as the stretching of the decay of the 

correlation functions at the glass transition temperature50,51, the temperature dependence 

of the shear elastic modulus in liquids (shoving mode)52–54, the vibrational properties of the 

glass at    55 and etc. Other researchers have tried to extract physical information on the 

nature of the glass transition from the existence of these correlations56,57. 

     Similar to the kinetic fragility that emerges from the Angell’s plot, the concept of 

thermodynamic fragility (  ) can be present by the drop in excess entropy         

approaching   .         is defined as the difference between the entropy of the liquid and 

the entropy of the stable crystal: 
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                                                (1.7) 

     Eq.1.7 gives a plot very similar to the Angell plot. This quantity naturally appears when 

the Adam-Gibbs’s relation is used to work out a link between kinetic and thermodynamic 

fragility. The Adam and Gibbs model15, provided the first quantitative relation between the 

thermodynamic and kinetic properties of a liquid. Several approaches to correlate the kinetic 

fragility of supercooled liquids with thermodynamic behaviors have been used, they have 

mainly concentrated on changes in heat capacity45 and entropy58–60. The kinetic fragility 

index can reflect nontrivial thermodynamic properties. In one of these approaches, Angell 

and co-workers have argued that the dynamic fragility, should be related to the rate of 

configurational entropy variation, because the relaxation time of the α-relaxation process is 
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correlated to the configurational entropy of the glass-former which is the consequence of 

the Adam and Gibbs assumption15: 

 

                                                        
    

 

     
         

 

   
                                      (1.8) 

 Where    is the Boltzmann constant,   is the temperature,    is the configurational 

entropy,    is the energy barrier per particle over which a cooperative rearranging group 

must overcome,   
  is the configurational entropy associated to such a rearrangement, and 

   is the relaxation time at infinite temperature.   
  and    are assumed to be independent 

of temperature.  

     In the relevant range of application of the Adam and Gibbs’s equation61–64, the liquid 

entropy in excess to the corresponding crystal has been used since access to configurational 

entropy data for glass forming liquids is impossible experimentally. Under this assumption, 

Eq.1.8 can be rewritten as:  

                                                                       
  

    
                                                    (1.9) 

Where     is the excess entropy and  ′ is proportional to  , defined in Eq.1.8. According to 

similar definition proposed by speedy65, the kinetic (dynamic) fragility can be written as: 
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                                                  (1.10) 

     With insertion of Eq.1.9 in Eq.1.10 a connection between the kinetic fragility and 

thermodynamic properties is obtained:  
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                                 (1.11) 

     This equation is independent of   ( ′) on the material because of using the definition of 

dynamic fragility provided by Eq.1.10. Now, by rearranging Eq.1.11, a correlation between 

the dynamic fragility and the excess entropy (   ) and heat capacity (   ) is obtained: 

                                                                       
       

       
                                                            (1.12) 

5- Cooperativity 

     One concept, which is often used in the description of glass transition dynamics, is the 

idea of cooperative motion. The basic idea behind the approach, first introduced empirically 

by Adam and Gibbs15, is that as the temperature in a glass forming material is brought near 

the glass transition temperature, individual particle motion is frozen out. The result is that 

the only structural rearrangements, which may occur must involve the collective movement 

of many particles, and the length scale for cooperative dynamics must be temperature 

dependent, increasing as the temperature is lowered. 
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     In the vitreous polymer, relaxation processes are known to be cooperative phenomena 

and the molecule motions depend on neighbor’s motions: The rearranging movement of one 

structural unit is only possible if a certain number of neighboring structural units is in 

motion. 

      In fact when a glass forming liquid is cooled down towards glass transition, viscosity and 

the structural relaxation times increase dramatically. This phenomenon can be interpreted 

assuming a cooperative behavior of the relevant molecular motions. Adam and Gibbs15 have 

introduced the notion of the Cooperative Rearranging Region (CRR) which is defined as the 

smallest amorphous domain where a conformational rearrangement may occur without 

causing rearrangements in the surrounding. It means if the total volume of a system is 

divided into equal ‘‘Adam–Gibbs volumes’’, the density  , the temperature  , the entropy  , 

and the energy   are somewhat different in each sub-volume and the mean square 

fluctuations     >,     >,     > and     > are given by standard relations of 

statistical thermodynamics66. 

     One specific characteristic of glass former is non-Arrhenius dependence of the structural 

relaxation time  . The deviation from the Arrhenius behavior has been traditionally related 

to an increase of cooperativity in the relaxation process of interest (Figure1-3) and it can be 

quantified by the fragility index which is a material dependent parameter. Even if the non- 

Arrhenius behavior of the temperature dependence of relaxation time has been usually 

attributed to cooperativity of the process, establishing a quantitative relationship between 

the size of CRR and the fragility is not clear since many other physical and chemical 

parameters must be considered, such as density, macromolecular organization 

microstructural organization, backbone rigidity, inter and intramolecular interactions and 

etc.67–70. In experiments we should pay attention to study the variation of fragility and CRR 

size by changing few and selected parameters. Hong et al.71 tried to explain that, there is no 

consistency between cooperativity and fragility. For this purpose they separated the fragility 

into two contributions: (1) the isochoric fragility    (energetic component) corresponding to 

the temperature dependence of the segmental relaxation time at a constant volume (2) and 

    , associated with the volume contribution. According to this assumption, the fragility 

can be expressed as:   

                                                                  
   

        

  

 
                                                        (1.13) 

Where,    is Boltzmann constant, 𝜅 is the compressibility and    is the coefficient of 

thermal expansion of the supercooled liquid at   .    is the activation volume for a single 

unit to relax and is equal to approximately 4% of the cooperativity volume. So, just the 

parameter     , is directly correlated to the cooperativity at the glass transition. Thus, 

fragility changes accordingly with cooperativity only when    remains constant. In this 

representation, according to works of Araujo et al.72,73,      depends on interchain 

interactions while the stiffness of the backbone mainly influences   . In other words, it can 

be assumed that structural changes impacting only the interchain interactions without any 

influence on the polymer backbone stiffness should lead to ideal variations of fragility with 

cooperativity. 
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6- Donth’s approach 

     Besides  VFT equation and Angell’s fragility concept, which characterize Arrhenius to non-

Arrhenius behavior of the α-relaxation process, in order to estimate the size or the number 

of structural units involved in the cooperative rearrangements, numerous approaches 

exist74–76. One of the popular one is the approach of Donth77. This approach is based on the 

theory of Adam and Gibbs: the configurational-entropy theory15,78.  

      Cooperative Rearranging Region (CRR) is an independent and distinct subsystem with 

own relaxation time, relaxation temperature and glass transition temperature. So, going 

through glass transition, the glass-forming liquid displays a broad distribution of relaxation 

times and dynamic glass transition temperatures related to each CRR. The main idea of 

Donth et al.79,80 was to relate the statistical thermodynamic relations to the width of 

relaxation time distribution of the so-called   process. Each sub-volume (called CRR) with a 

specific size equal to      can be then considered as a thermodynamic system in 

metastable equilibrium with fluctuating variables having a Gaussian distribution.  

      According to Donth’s approach the cooperativity volume at the average dynamic glass 

transition can be obtained by this formula: 

                                      
  

  
 

  
 

      
    

  
                        

      
    

                     (1.14) 

     Where    is the characteristic length of dynamic glass transition (  ),    is mean 

temperature fluctuation related to dynamic glass transition of one CRR81,    is Boltzmann 

constant,   is density of relaxing system and    is heat capacity at a constant pressure. The 

number of structural units in one average CRR with volume    is obtained from:  

                                                      
     

  
   

  
 

  
 

       
    

                                          (1.15) 

     Where    is the weight for a whole molecule, or monomer unit for polymers and    is 

Avogadro number. The Cooperative Rearranging Region (CRR) can be estimated from 

Temperature Modulated Differential Scanning Calorimetry (TMDSC) and Dielectric relaxation 

spectroscopy (DRS)82 and can be changed by structural constraints such as confinement82or 

plasticization in polymers 83. 

7- Structural relaxation  

     Beside the temperature dependence of  -relaxation process in glass-forming liquids 

through Arrhenius to non-Arrhenius behavior by increasing the cooperative rearrangement 

sizes upon cooling, there is another phenomenon while approaching glass transition (and 

below), which is known structural relaxation.   

     Structural relaxation or structural recovery refers to a process by which thermodynamic 

variables (for ex. volume, enthalpy and etc.) evolve in an effort to reach the equilibrium, 

when held isothermally at temperatures below   . The change in mechanical properties of 

glass-forming liquids as a consequence of structural recovery is known as structural 
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relaxation84.  Such phenomenon is clearly visible through the concept of physical aging85 

(Figure1-7). Study physical aging is a main subject in order to perceive the structural 

relaxation processes on the evolution of physical properties. From free-volume model37, it 

has been proposed from several investigations that the driving forces of the physical aging, 

which is leading to the decrease of thermodynamic properties towards equilibrium are 

related to a free volume hole diffusion towards surfaces86. Those surfaces may be the 

external ones of the system or the internal ones tied to the creation of low density regions 

induced by the cooling rate. Thus, through structural relaxation, molecular motions can be 

studied. 

     Kinetics features of physical aging can be observed by heating the material from the 

glassy state to the equilibrium liquid-state with using calorimetric techniques. The response 

observed on heating depends on the previous thermal history of material. The lower 

energetic state (lower enthalpy) reached delays to recovery the liquid-like state upon 

subsequent heating. Therefore, when material is held isothermally below the glass transition 

temperature, the subsequent heating will show a peak superimposed to the glass transition 

by means of calorimetric techniques like Differential Scanning Calorimetry (DSC) and Flash 

DSC. The delay leads to an overshoot peak which is related to the enthalpy recovery and 

gives intuition on the excess of energy released upon aging for an aging time.  

 

                                                                                                   

Figure1-7: (a) Schematic plot of enthalpy of a glass-forming liquid upon physical aging and (b) the 

respective DSC heat flow as a function of temperature.    is glass transition temperature and     is 

aging temperature. 

7-1 Fictive temperature 

     The evolution of structure during the relaxation process can be examined by the concept 
of fictive temperature   , which has been introduced by Tool in 193118. The fictive 
temperature is the temperature at which the non-equilibrium value of the macroscopy 
property reach the equilibrium. This temperature is defined as the intersection of the glass 
and liquid lines obtained on heating and is also used in order to investigate the kinetic 
nature of the glass transition through the cooling rate dependence of glass-forming liquids. 
In the case of an unaged glass,    is termed the limiting fictive temperature   

′. The 
importance of   

′ is its equivalence to    87,88. The enthalpy (or specific volume) response 

𝐓𝐠 𝐓𝐟 𝐓𝐚𝐠 

Overshoot 

Overshoot 

Rejuvenated curved 

Aged curve 

(a) (b) 
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observed on heating of the material after cooling at various rates is shown in Figure1-8. The 
glass line overshoots the equilibrium liquid line when the heating rate is higher than cooling 
rate due to lower mobility in the glassy state. The enthalpy overshoot shifts to higher 
temperatures and grows in magnitude with decreasing cooling rate88. Higher the difference 
between the cooling and the heating rates, higher the magnitude of the overshoot. 
However, if the heating rate is lower than the cooling rate, the relaxation will happen along 
the glassy line leading to an undershoot89. 

 

Figure1-8: Variation of (a) enthalpy ( adapted from article of Simon L.19) and (b) normalized heat 

flow, versus temperature when heating at the same rate     after cooling at different rates   ,   , 

  , where   >   >   . The limiting fictive temperature results in    
′  >     

′ >    
′ and the 

overshoot shifts to higher temperatures for lower cooling rates.  

     In Figure1-8, first, a glass is formed at   , then, by heating at the same rate     , the 

enthalpy recovers the equilibrium in the liquid-like state on the same line, but when a glass 

is formed at    lower than   , the limiting fictive temperature shows a lower value. The glass 

transition measured on heating immediately after cooling at a given rate can be 

characterized by using limiting fictive temperature. As for physical aging, the effect of 

structural relaxation related to the difference between the cooling and the heating rates is a 

peak superimposed to the glass transition upon heating when investigated by calorimetric 

techniques. 

7-2 Calculation of fictive temperature 

     Tool-Narayannaswamy-Moynihan (TNM)’s model allows to describe the enthalpy 

relaxation by using the concept of fictive temperature     From calorimetric measurement, 

fictive temperature    can be calculated by Moynihan’s equation90,91 (also called areas 

matching method). 

                                      ∫            
  
  

   ∫          
  
  

                               (1.16) 

 

     Where,      and      are heat capacities of the glass and liquid respectively.     is the heat 

capacity of the material,    is an arbitrary temperature above the range of thermal glass 

transition at which    is equal to      and    is a temperature below the range of thermal 

glass transition at which    is equal to     . In the liquid state        , whereas in glassy 

state         
′ (limiting fictive temperature). The limiting value of   , noted   

′, is obtained 

(a) (b) 
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when the extrapolation is performed from a point far in the glassy state after cooling at a 

given rate. Figure1-9 depicts the procedure to estimate the fictive temperature based on the 

conventional area-matching method as proposed by Moynihan et al.90 

 

Figure1-9: Schematic plot of the heat capacity as a function of temperature for the determination of 

the fictive temperature. 

     As described in previous section the structural relaxation occurs below glass transition. 

The kinteric of structural recovery have been well formulated through Tool-Narayanaswamy-

Moynihan (TNM)’s model90. This model can describe both temperature and structure 

dependence of the relaxation time. Narayanaswamy92 described the relaxation time by  this 

expression: 

                                                                
  

  
 

  

   
)                                                       (1.17) 

     Where A,   , and    are material-dependent constants, and R is ideal gas constant. The 

thermal and the structural contribution to the segmental relaxation phenomenon is 

described by two terms depending on the temperature   and fictive temperature   . In the 

case where the system is at thermodynamic equilibrium (    ), this equation is reduced to 

an Arrhenius equation with activation energy   +  . Subsequently, a partition parameter x 

has been introduced93 to account for a thermal and structural contribution: 

                                                             
     

  
 

         

   
)                                           (1.18) 

     where    is the relaxation time in equilibrium at an infinitely high temperature,   is the 

temperature,     is the activation energy of the relaxation phenomena and    is a constant 

of the material (0 ≤   ≤ 1) defining the relative contributions of temperature and structure to 

the relaxation time. The equation shows the non-linearity of the relaxation time, as already 

observed from the Arrhenius to non-Arrhenius behavior of the α-relaxation. 

     From  configurational-entropy theory94, each Cooperative Rearranging Region (CRR) has 

its own characteristic relaxation time. Therefore, a broad distribution of relaxation times is 

available, and is well described through a stretched exponential function  , also known as 

Kohlraush-Williams-Watt (KWW) function95: 

Endo 
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                                          (1.19) 

     Where,      is the relaxation time and      is the stretch exponent which generally 

ranges between 0 and 1, It is inversely proportional to the width of a corresponding 

distribution of relaxation times. It means when      is near 0, the distribution of relaxation 

times is very broad, whereas for      close to 1 the distribution of relaxation times is 

characterized by a simple exponential, that is the time behavior of liquids above the melting 

point. Therefore, in addition of the non-linearity as a function of temperature, the relaxation 

times also depict a non-exponential behavior as a function of time upon isothermal 

annealing. 

8- Crystallization 

     The phenomenon of crystallization can occur in glass-forming liquids, in addition of 

vitrification. The word “crystallization” refers to the process where a disordered phase 

transforms into a highly ordered phase called “crystal”. This process can occur from the 

melt, solution, vapor phase and amorphous state. As mentioned already, when a liquid is 

cooled at a temperature lower than its melting point, it enters into a supercooled liquid 

state. During this cooling, several phase transitions or physical changes can happen: (1) 

precipitation of a crystalline solid; (2) formation of a disordered solid (glass) (3) liquid-liquid 

separation followed by solidification of the components. Crystallization in the liquid state 

can occur from the melt or from the glass. 

8-1 Crystallization of polymers 

     The crystallization phenomenon of polymers is well  describe by the concept of Lauritzen-

Hoffman which is based on the nucleation theory leading to the formation of stable crystal 

nuclei which then, are followed by their own growth96,97. Usually, crystal growth is appearing 

between the melting temperature and the glass transition temperature but in some cases 

nucleation may occur in the glassy state (    )85,98.  

     When polymers crystallize, macromolecular chains which are in 3D random coils 

conformations turn into crystalline lamellae with a thickness of nanometers scale. These 

lamellae are separated by amorphous regions with some folded chains which can connect 

them together (Figure1-10). Thus, following their crystallization, polymers are always semi-

crystalline with different degree of crystallinity.  

 

Figure1-10: Schematic view of the crystalline lamellae and the amorphous regions competition 

arising from quiescent crystallization.  

Crystallin lamellae 

Amorphous regions 

Macromolecular chains 
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     Semi-crystalline polymers can be obtained conventionally or unconventionally. 

Crystallization is conventional when the process is only thermally activated(quiescent 

crystallization), whether performed upon cooling from the melt or upon heating from the 

glassy state to a given temperature99,100. Quiescent crystallization is also possible in the 

presence of nucleating agents, which allow tailoring crystal morphology and lamellae 

orientation101. Unconventional crystallization comes from particular conditions, such as 

memory effect102, cross-nucleation103or thermo-mechanical history104. 

8-2 Three-phase model 

     The morphology of semi crystalline polymers is often described as a lamellae stack of 

crystalline and non-crystalline layers which is called “two-phase model”105.It is successfully 

applied for the interpretation of X-ray diffraction as well as heat of fusion or density 

measurements106. On the other hand, it is well known that several mechanical properties as 

well as the relaxation strength at glass transition cannot be described by such a two-phase 

approach as discussed by Gupta107. From standard DSC measurements108, dielectric 

spectroscopy109, shear spectroscopy110, NMR111 and other techniques probing molecular 

dynamics at glass transition (α-relaxation) the measured relaxation strength is always 

smaller than expected from the fraction of the non-crystalline phase. The difference is 

caused by different conformations of the chains as detected by IR and Raman 

spectroscopy112 or due to spatial confinement because of the neighboring lamellae. 

     Takayanagi and coworkers113 and Wunderlich and coworkers108 didn’t discussed only on 

crystalline and non-crystalline phases in semi crystalline polymers. The non-crystalline phase 

has to be divided in two parts, one part contributing and a second one not contributing to 

the relaxation strength at glass transition. Furthermore, Wunderlich and coworkers 

distinguished between a mobile and a rigid fraction of the polymer. The rigid fraction 

consists of the crystalline phase and that fraction of the non-crystalline phase which is not 

contributed to the glass transition. Therefore another model was introduced for 

distinguishing between the crystalline (CRF), the rigid amorphous (RAF) and the mobile 

amorphous (MAF) fractions. This model is often called “three-phase model”106of semi 

crystalline polymers (Figure1-11). 

 

Figure1-11: Schematic views of the arrangement of crystalline, rigid amorphous and mobile 

amorphous fractions in semi-crystalline polymers according to three-phase model. Picture was taken 

from A. Esposito’s article114. 
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The presence of RAF in semi-crystalline polymers can be explained by the fact that the 

amorphous phase appears to be constrained by the crystalline lamellae. This constraint is 

the effect of both a geometrical confinement and a covalent coupling between the lamellae 

and the non-crystalline regions through tie molecules. When this coupling is strong enough, 

a separate phase in nano-metric size can be created at the interface between the two 

phases, due to the fact that polymer chains are much longer than the typical dimensions of 

polymer crystal114,115
. Thus RAF has been so called as its mobility is drastically restricted116. 

Another fraction is unconstrained amorphous phase which is called mobile amorphous 

fraction (MAF). Thus a three-phase model describes well the semi crystalline structure. 

     In the past few years, constrained and unconstrained mobile amorphous fractions (CMAF 

and UCMAF), have been reported for semi-crystalline polyesters, such as PET117 and PLA118, 

as revealed by DSC measurements through the concept of cooperative rearranging 

regions119 as well as structural relaxation (for ex. physical aging)120. Thus, the presence of 

crystals have influence on the molecular dynamics of the mobile amorphous fraction. 

9- Confinement of polymers 

      The confinement of polymers has been widely studied by many people in more than two 

past decades. Jackson and Mckenna121 are pioneers in this field who studied on    deflection 

of organic liquids in nanopores. Since two decades ago, great effort has been devoted to 

pursuing an understanding of the glass transition temperature and associated dynamics of 

polymers confined to the nanoscale level, in geometries ranging from films (1D 

confinement), to pores (2D), to spheres (3D). In the aim of searching, a variety geometries 

have been proposed to confine both amorphous and semicrystalline polymers. Although, we 

know more about the glassy properties of confined polymers today rather than a decade 

ago, much of our understanding has been obtained by studies on thin polymer films, since 

they are easy to process and are of significant technological importance. Nevertheless, 

studies on polymers confined to other geometries are becoming increasingly more 

important as we follow questions difficult to address using thin films and as technology 

demands the use of confined polymers beyond thin films. 

     Confining a system to a scale comparable to its characteristic length (for ex. gyration 

radius in macromolecules and cooperative length ξ) can lead to considerable changes of the 

dynamical, thermodynamical and structural properties with respect to the bulk 

material15,122. Many studies1–3,3,123–126 have discussed the effect of geometrical confinement 

on the glass transition temperature, molecular mobility, thermal properties, barrier 

properties etc. of amorphous polymers and it may be said that chain dynamics in confined 

geometries are commonly related to two main mechanisms: (1) finite size effect, (2) chain 

confinement. 

9-1 Finite size effect 

     The finite size effect127 comes from the breakdown of cooperative motion and is related 

to the dynamic cooperative length of the  -relaxation process. On the other hand we can 

say finite size is referred to pure confinement on pure geometrical effect. Such effects are 
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believed to play an important role when the system is confined into dimension close to the 

CRR size (Cooperatively Rearranging Region) for example in porous glasses1, silicate 

layers128or ultrathin polymer films129. 

     The basic idea of finite size effects is easily described. We consider the sample is confined 

to a size  . At high enough temperatures        , the dynamics of the confined system 

will be the same as the bulk system. When the temperature is decreased,      increases and 

finally the condition       , will be reached. When       , the confined system will 

show abnormal dynamics compared to the corresponding bulk system. The way that the 

dynamics of the confined system will be affected depends strongly on the boundary 

conditions of the system. According to the concept of cooperative motion, if molecules on 

the boundary are held fixed (strongly attractive interaction in an experiment), then the 

confined system will exhibit much slower dynamics than the bulk system or may even be 

completely arrested, whereas if the molecules on the boundary have a high degree of 

freedom (in the experimental case of a free surface), then the dynamics of the confined 

system will be faster than that of the bulk system130. 

9-2 Chain confinement effects 

     Chain confinement131, related to the conformational changes of entire polymer coils 

induced by squeezing of the polymer chains, for example conformational changes of the 

polymer coil from its equilibrium size and shape. 

     Polymer molecules are extended objects with a characteristic size, the r.m.s. (root mean 

square end-to-end distance132)       , where N is the number of monomer units. This 

intrinsic length scale introduces the possibility of chain confinement effects as the film 

thickness ( ) becomes smaller than the unperturbed molecular size. Such effects may be 

very difficult to distinguish as they can demonstrate anomalies in the dynamics without 

necessarily causing any changes in the structural properties. One way possible to identify 

chain confinement effects is that the magnitude of such an effect (for constant film 

thickness), should depend on the molecular size. While the existence of chain confinement 

effects may conceal observation of finite size effects, they are interesting in their own right 

as they serve as a probe of fundamental aspects of perturbations of polymer dynamics. 

 

 
Figure1-12 Schematic view of changes in polymer’s chains due to confinement. 
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9-3 Molecular Weight and chemical structure dependence on    and fragility  

     The molecular weight (  ) dependence of    has received long-standing interest since 

the pioneering work by Fox and Flory133,134. The relationship has been demonstrated 

experimentally for a number of polymers including polystyrene (PS), poly(alpha-methyl 

styrene) (PaMS), poly(vinyl chloride) (PVC), poly(ethylene terephthalate) (PET), and 

poly(methyl methacrylate) (PMMA)135–141. The related   -   dependences have been noted 

in other studies46,142,143. In general, by increasing     for linear polymers , the restriction on 

segmental mobility increases, leading to an increase in   . A stronger increase in    is 

observed for rigid polymers (PS, PMMA) compared to flexible polymers (PIP, PDMS) because 

of a much stronger restriction imposed by the chain connectivity on rigid polymers 

compared to flexible ones46. This was represented in Figure1-13. 

      Several approaches and theories have been developed to account for the variation in    

as a function of   . One notable approach is Fox-Flory relation133,134: 

                                                                                        (1.13) 

Where      is    in the limit of infinite   ,    is the number-average   , and   is an 

empirical parameter for a particular polymer species. 

 

Figure1-13 The molecular weight dependence of    scaled by    at high    (    ) for PS, PMMA,PIP 

and PDMS46. 

     Although the Fox-Flory equation satisfactorily fits the    dependence of    in PS, the 

linear equation often predicts a stronger    dependence at low    (typically for   <5 

kg/mol). Recently L. Zhang et al.144 showed for anionic PMMA, the   -   dependence 

becomes weaker at very low   , which can be reasonably fitted by another equation given 

by the statistical theory of Gibbs and DiMarzio145. 

     The Fox-Flory’s relation often breaks down for oligomeric systems13,143,146–148. Besides the 

intermolecular effects133, chain connectivity13,149 and intramolecular rearrangement150 affect 

glass formation which leads experimentally to a complex        behavior. First Cowie et 
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al.147  showed that         can be divided into three regions, corresponding to long-chain 

molecular weight    (region  ), intermediate (region   ) and oligomeric (region    ) which 

are separated by molecular weights    and    , where 

 

                                                                                                                                      (1.14) 

 in region    and    , and           in region  . 

      According to the diagram of Hintermeyer J. et al.143 (Figure1-14) region  , can be 

identified when the asymptotic value of    is reached for high molecular weight polymers. In 

this region systems show    which are essentially constant and independent of molecular 

weight (or chain length). Region    covers the range of molecular weight where    decreases 

slowly with decreasing molecular weight. If the range of molecular weights is sufficiently 

wide, region     can be identified at very low molecular weight  where the decrease in    is 

even more pronounced than in Region   . 

 

 

Figure1-14 Variation of    with molecular weight in logaritmic scale for Polystyrene (work of J. 

Hintermeyer et al.151 ) which indicate cleary three seperate regims.  

     Recently, Baker L. et al. showed the behavior of        according to rigidity of some 

polymers. They observed that for relatively rigid polymers such as PS and PMMA which have 

carbon-based backbones and bulky side groups    values vary significantly with  , whereas 

for more flexible polymers like PDMS which has Si-O backbone and low roational barriers 

variation of    is much smaller, so in contrary to PS and PMMA, variation of    with 

molecular weight for PDMS can be described by Fox-Flory relation. It means that for most 

flexible polymers the region    is less visible. 

     On supported polystyrene (PS) films, two reviews130,152 have found extensive agreement 

for     nano confinement effect across many measurement methods: when scaled according 

to the bulk    as    /         the thickness dependence of    has been found to be 

approximately independent of PS molecular weight    130,153 over a    range of 3600-2 

900 000 g/mol. 

𝐈 𝐈𝐈 𝐈𝐈𝐈 

𝐌  𝐌   
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     Most organic polymers with van der Waals interactions exhibit fragility much higher than 

their small molecular weight counterparts. As shown in Figure1-15, the fragility of most 

monomers or oligomers is within the range of 60-90, similar to small molecules with Van der 

Waals interactions. However, as the chain length increases, most polymers exhibit an 

increase in fragility. The fragility of many high molecular weight polymers is over 100154,155. It 

has been speculated that the nature of this specific behavior may be related to chain 

connectivity46. However, the causes behind such large differences in the fragility of polymers 

versus small molecules are not completely understood. 

 

Figure1-15 Molecular weight dependence of fragility index m for PS, PDMS, and PIB. Shaded area 

marks the fragility range of small molecules with Van der Waals interactions156. 

     In addition of molecular weight, polymers with different chemical structures show 

different dependences of fragility and    on chain length. According to theoretical 

predictions157–159    and fragility for linear monodisperse chains is only expected to increase 

with molecular weight. With advancements in chemistry that have enabled the synthesis of 

an array of polymer architectures, there has been a growing interest in examining the effect 

of confinement as a function of molecular architecture160–163. Compared to films of linear 

precursor chains, films of cross-linked PS made directly from films of precursor chains exhibit 

a larger    confinement effect160. Multiarm star PS reportedly exhibits enhanced    and 

reduced physical aging rate with confinement161.  

    When comparing the fragilities of different chemical structures of polymers, we have 

taken into consideration the fragility values for molecular weights where the   -

dependence of    seems to have saturated. Looking at literature data reveals that different 

polymers show a wide range of fragilities. The most fragile polymer known till now is 

polyetherimide (PEI) with   21442,164 which is known to have a distinctively stiff backbone 

structure, contributing to its higher   . However, some of the least fragile polymers such as 

polyethyleneoxide (PEO) and polyisobutylene have fragilities 23 and 46 respectively165. All of 

the other studied polymers fall within this range and show a wide distribution of fragilities. 

     The work of Ellison, Kim and al.166 have also shown that the effect of nano confinement 

on    of PS can be reduced or completely eliminated by adding pyrene or dioctylphthalate as 

plasticizers. This was attributed to the effect of reducing the cooperative nature of dynamics 

 -relaxation by the plasticizing molecules.  
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10- Different types of confinement 

     In general we can classify different types of confinement like below: 

-Polymer blends167 

-Thin films or nanolayers2,4,168,169 

- Multilayer films82,170–172 

-Free surfaces3 

-Droplet dispersion173 

-Polymers infiltrated in inorganic nanotemplates174 

-Self-assembled block copolymers175 

- Nanocomposites176 

-Semi-crystalline polymers177 

etc. 

 

     In the following of this chapter, few researches and results associated to molecular 

dynamics in polymers are summarized for some types of confinement which are more 

interesting for the thesis.  

10-1 Polymer blends 

     Polymer blending has been identified as the most versatile and economical method to 

produce new multiphase polymeric materials that are able to satisfy the complex demands 

for performance178. Several types of blends including thermosets, thermoplastics, 

thermoplastic vulcanizates, and structured copolymers exist178. Polymer blends have been 

often treated as a patchwork of different domains with separate properties and it is often 

assumed that these domains retain the bulk properties of the individual components. This 

assumption is adequate for blends with large domains (micron size) since the relatively small 

contributions of the regions near polymer-polymer interfaces between domains can be 

reasonably ignored. Recently polymer blends can be used to study confinement effects not 

only on    but also on chain modes179. Blending of two miscible components of polymers 

having different glass transitions  leads to change chain dynamics179,180. Results for the 

PMMA/PEP blends in work of J. Colmenero180 showed significant non-exponential behavior 

in the relaxations, athough the confinement leads to reduced concentration fluctuations  but 

results were interpreted to imply that the changing dynamics had to do with composition 

effects rather than length-scale effects. Nowadays, in order to improve material 

performance and blend uniformity for particular applications,  several strategies have done 

to decrease the domain sizes below 100 nm range181,182 such as: synthesis of 

multicomponent block copolymers183, novel cold-state processing methods184 and nanolayer 

stacking and interweaving82,185. Polymer–polymer interfaces and interfacial reaction of 
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polymers play an important role in the properties of nanostructured polymer blends178. For 

example,  the performance of materials used in catalysis, ion conduction, photovoltaic 

technologies and filtration186, is dictated by the properties of the material near the polymer-

polymer interfaces. According to Baglay and Roth’s expression187: “nanostructured polymer 

blends with domain sizes of a few hundred nanometers likely have no regions where the 

local properties remain bulk-like. Instead, nanostructured blends likely exhibit more uniform 

properties across the different domains and interfaces, which may explain their typically 

enhanced performance over more traditional blends with large micron-sized domains.” 

10-2 Thin films or nanolayers 

      An attractive sample choice for studies of finite size effects is that of thin polymer films. 

The experimental results188,189, numerical simulations190,191 and theoretical approaches192,193 

show changes in the glass transition in nanoscale films. These works showed variations in the 

molecular dynamics of chains during measurements when measuring relaxation times by 

dielectric spectroscopy194,195 or by calculating characteristic length of cooperativity  (CRR) 

measured by MT-DSC1,196.  Similarly, the study of the glass transition temperature    remains 

mainly the most characterized at this scale. Different research groups have studied glass 

transition temperature    in a confined polymer using different techniques such as Positron 

Annihilation Lifetime Spectroscopy (PALS)197, fluorescence spectroscopy187,198 and 

ellipsometry199,200. These variations in    value were observed for the first time for 

thicknesses lower than a threshold value of the order of ≤100 nm and this phenomenon is 

accentuated even for thicknesses ≤ 40 nm201. In the general case, these variations are 

observed at a scale corresponding to the dimensions of the characteristic length of the 

chains of polymers, or on a much smaller scale corresponds to the typical length of 

cooperativity (ξ)202. 

     Considering the set of confined glass-forming liquids, these variations of    can be both 

increases and decreases compared to the measured value for the massive material. These 

two trends are associated with two types of effects distinct: 

- A free surface or weak interactions of the film with its substrate, increase the molecular 

mobility close to the surface, resulting in a decrease in   
203–205 . 

- Strong interactions with the substrate, immobilizing polymer chains at neighborhood of the 

interface cause an increase in the value of   
206,207. 

     In a few cases involving copolymers with comonomer units which exhibit attractive, 

neutral or repulsive substrate interactions,    has been observed to be nearly invariant with 

film thickness208. 

     According to statement of McKenna G.B. in his review179, in some studies, modest 

reduction of    was observed in ultrathin films supported on rigid substrates209 while a very 

large reduction of     was occurred in freely-standing films of polystyrene210. It should be 

considered whether or not these reductions are real or potential artifacts of the experiment 

or sample preparation. Since in many cases, the small amount of material is used in 

experiments, so the potential artifact in materials at the nanometer size scale is not 
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negligible. From investigation of A. Serghei211 and F. Kremer212, the ultrathin polymer film 

   reductions are artifacts of the sample preparation and annealing treatment, when is 

avoided, no reduction of the glass transition temperature is observed. 

     The first systematic study of the    of supported thin films of polymers was made by 

Keddie, Jones and Cory209 on polystyrene films with thickness between 300 and 10 nm. This 

study reveals a remarkable decrease in    values measured by ellipsometry, compared to 

bulk samples for films thickness ≤40 nm. The lowest measured    value is observed for a film 

thickness of 10 nm, it is 25 °C lower than the value measured for the solid film. These results 

have been compared with other values obtained by different techniques such as 

ellipsometry 177,213, dielectric spectroscopy153, X-ray213, Positron Annihilation Lifetime 

Spectroscopy (PALS), local thermal analysis214and fluorescence spectroscopy215. All of this 

data is grouped in Figure1-16. 

 

 

Figure1-16 Compilation of    measurements of polystyrene films supported on substrate using 

different techniques122. 

     The results are similar regardless of the technique. Variations in    are mainly associated 

with the surface effect disturbing the dynamic chains at the nanoscale. These surface effects 

are supposed to lead a gradual dynamic that comes from the disrupted interface. Ellison et 

al215 use a multilayer fluorescence technique in which a fluorescent thin film of Polystyrene 

(PS) is incorporated into an unlabeled PS film. This makes it possible to measure    locally in 

different parts of the film. They get a big reduction in    on the free surface of PS films and a 

continuous attenuation of the effect when the fluorescent layer is located deeper and 

deeper in the film. It is possible to measure a decrease in    in a labeled layer up to 30 nm 

from the free surface of the film. The influence of substrate/liquid glass-forming interactions 

on the dynamics of polymer chains at the nanoscale primarily demands the implementation 

of films deposited on different types of substrate. 
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     Recently, Connie B. Roth187 has shown (Figure1-17) the local glass transition       profile 

of polystyrene (PS) when changing the neighboring polymer from a lower    material (called 

soft confinement) to a higher    material (called hard confinement). This shows that the 

dynamics in nanoscale layers is influenced by the adjacent area via interactions at the 

interface. This implies that as well as substrate and interface effects, other factors play an 

important role such as the chemical structure of the polymers and the nature of the 

cooperative movements associated with the dynamics of  -relaxation. The work of Priestley, 

Campbell et al.216,217 is evidence of the role of size, flexibility of monomer units and side 

group which seems to influence the behavior of    . This suggests that the dynamics of 

cooperative segments play a role in    behavior.  

 

Figure1-17 Experimentally measured local       profile of PS/PSF (open blue diamonds), compared 

with that PS/PnBMA (open red circles), as a function of z. In the PS/PSF (polysulfone) system, the PS 

layer is rubbery relative to PSF undergoing hard confinement, while in the PS/PnBMA (ploy isobutyl 

methacrylate) system, and the PS layer is glassy relative to PnBMA undergoing soft confinement. 

Connie B. Roth187 

10-3 Free surface 

     In the domain of confinement in polymers, the controversy concerning the effect of the 

substrate in thin film on    prompted studies of free-standing films which can be considered 

as free surface.  

     The first and most measurements of    value in free-standing films were the BLS (Brillouin 

light scattering)177 studies of PS films with thickness    between 200 and 2000 A° 218. Forest 

et al.218 measured    values in the free-standing films which exhibited reductions below the 

bulk value. These values were much greater in magnitude than those reported for supported 

films; with a 200 A° film having a    value reduced by 70K below the bulk value. For 

comparison, a supported film of the same thickness exhibits a    reduction of only 10 K. 

Polymer Underlayer PS 𝐓𝐠
𝐛𝐮𝐥𝐤  𝟏𝟎𝟏°𝐂 
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Consistent with this larger magnitude of    anomalies, was the fact that    reductions were 

observed for much larger values of the film thickness; up to 700 A°. An extension of BLS 

studies to a second value of molecular weigh    , revealed a strong    dependence of    

value177, in contrast to the observations for supported films. The strong    dependence 

observed in these studies revealed the importance of chain confinement effects for high   , 

in free surface.  

       In general, the presence of a free surface tends to speed up the local mobility, while the 

presence of a substrate interface can slow down the local dynamics, typically depending on 

whether attractive interactions, such as hydrogen bonding, are present between the 

polymer and substrate interface in question136. Studies have shown that the perturbations 

originating from the free surface (“the free-surface effect”) can propagate several tens of 

nanometers into the film interior219,220 and have a strong dependence on the time scale 

employed to probe cooperative relaxation dynamics221.    

     Besides it is now known that the α-relaxation (the molecular dynamics associated with 

the glass transition) in polymers is strongly correlated to the nature and number of 

intermolecular interactions between macromolecules. Reduction of polymer’s chain length 

in amorphous system, can offer the opportunity to restrict the volume engaged in the α-

relaxation, leading to an effect approaching the free confinement classically investigated in 

thin layers. It means the reduction of polymers ‘s chain like reducing the thickness in 

polymer thin films, lead to less intermolecular interaction (Van der Waals interaction). For 

this purpose during my thesis we study Oligomers of Lactic Acid (OLA) with different 

molecular weight and dispersity. 

     This thesis is focused on systematic study of the effect of molecular weight on molecular 

dynamics in Oligomers of Lactic Acid (OLAs) which act as free surface and were synthesized 

and supplied in the company “Condensia Química SA” placed in Spain by collaboration with 

Dr. E. Passaglia from ″Isituto di Chimica dei Composti Organometallici (ICCOM)″ in Italy and 

Dr. S. Fiori from “Condensia Química SA”. Dielectric Relaxation Spectroscopy (DRS), Hyper 

Differential Scanning Calorimetry (Hyper-DSC) and Fast scanning calorimetry (FSC) have been 

used to study the segmental dynamics of amorphous OLAs with varying molecular weights.  

10-4 Multilayer films 

     There are many techniques used to confine polymers at the nanoscale including spin 

coating thin films onto a substrate222,223, block copolymers containing a crystallizing 

block224,225, layer-by-layer depositing226 and more recently nano layer multiplying co-

extrusion222,223. The layer multiplying co-extrusion offers the huge advantage of being able to 

produce objects at large scale and to be transferable to the industry for the fabrication of 

commodity materials. 

     Multilayer coextrusion, can be used to obtain materials with enhanced macroscopic 

properties227. It is derived from classical coextrusion and its industrial potential has already 

been demonstrated by Dow which patented it close to 40 years ago228.Using this technique 

help us to produce materials with enhanced properties, in particular optical properties229, 

mechanical properties230, gas barrier properties231. Those improvements were shown to 



 

 37  

 

arise from the multiplication of the interfaces and/or the confinement, induced by the 

process (named ‘forced-assembly’). The layer multiplying co-extrusion offers the huge 

advantage of being able to produce objects at large scale and to be transferable to the 

industry for the fabrication of commodity materials. 

     This process combines two or three polymers into a continuous alternating layered 

structure with hundreds or thousands of layers. This can decrease the layer thickness of each 

individual layer to about 10 nm. However, the confinement effect in the whole volume of 

the material can only be reached when perfectly continuous multi-nanolayer structures are 

created with a homogenous layer thickness. 

     For semi-crystalline polymers, this innovative technique has been recognized as an 

effective way to induce one-dimensional confined crystallization of polymers232: when the 

polymer layer thickness decreases, the crystalline morphology is gradually altered from a 

three-dimensional spherulitic morphology into one-dimensional crystalline lamellae. 

     In Multilayered polymer films, the influencing of thickness reduction on the glass 

transition temperature and cooperatively rearranging region(CRR) size can be investigated 

by several thermal analysis techniques82 and also dielectric relaxation spectroscopy. 

     Studying multilayer samples with thicknesses ranging from micro- to nano-scale allowes 

us to highlight two types of constraints influencing molecular mobility in the amorphous 

materials:  

1) Increase the number of layers in films and so, reduction the thickness down to the 

nanoscale, implies a constraint on the mobility of chains by reducing the dimensionality of 

the system accessible to relaxation. 

 2) Vicinity of two polymers with very different chemical structures raises the question of the 

influence of interfacial zones on the dynamics of the chains in conditions of geometrical 

confinement. 

     In EIRCAP group (GPM laboratory) several people investigated molecular dynamics in 

multilayered polymer films122,172,233. Fernandes Nassar S. et al.170 observed, the confinement 

of PLLA in PS/PLLA induced a change in the molecular mobility, evidenced by a drop of 

Cooperative Rearranging Region (CRR) size at the glass transition. They showed annealing of 

confined PLLA layers reveals slower crystallization kinetics and two-dimensional crystalline 

growth geometry. Furthermore, the annealing of PLLA in confined layers allowed a 

decoupling between the amorphous and crystalline phase, evidenced by the absence of a 

rigid amorphous fraction (RAF). In bulk polymers, where the level of coupling between 

amorphous and crystals is high, the glass transition temperature increased significantly 

whereas the CRR size fell. It is deduced that the glass transition dynamics in semicrystalline 

polymers is strongly related to the mobility landscape at the interface with crystals. In the 

work of Arabeche Kh.et al.172 on amorphous PC/PMMA multilayer samples (Figure 1-18), the 

effect of the layer thickness reduced down to 12 nm has been shown to have very different 

influence on glass transition parameters of the two polymers. Polycarbonate has exhibited a 

huge sensitivity to such geometric scale modifications whereas no modification has been 
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observed for PMMA. A large decrease of fragility index (m), has been observed for PC. This 

modification is proportional to length scale variations of molecular cooperative motions 

at     ξ    . In regard to the molecular structure of each polymer, results showed that this 

correlation between fragility index (m) and ξ     is mainly associated to modifications of 

intermolecular interactions and local density. 

 

Figure1-18(a) Variation of the dynamic vitreous transition (Tα) of each component of multilayer films 

PC/PMMA depending on the thickness of the layers (h). (b) Evolution of the average volume,   , of 

Cooperative Rearrangement Region (CRR) around the glass transition for each component of 

multilayer films PC/PMMA depending on the thickness of the layers (h). 

     Casalini et al.185 studied the dynamics of PMMA in multilayer films with polycarbonate 

and compared bulk films with films having layer thickness of 25nm, 8nm and 4nm. They 

observed a small effect on the amorphous phase dynamics comparing bulk PMMA with 

confined PMMA layers of 25 nm thickness. Interestingly, they showed absence of 

confinement effects on the cooperativity length comparing the most confined PMMA (8nm 

and 4nm) to the bulk properties. Indeed, the values of ξ were equal to or smaller than the 

layer thickness of PMMA. Thus, they concluded that the dynamic correlation length did not 

appear to be limited by the geometrical confinement. Another interesting aspect of this 

study is the increase in    when thickness layers decreases, which was explained by 

interfacial interactions between PMMA and PC. 

10-5 Semi-crystalline polymers 

    The semi-crystalline polymers consist of a crystalline phase, and amorphous phase and tie 

molecules in both phases. It is popular that the amorphous parts will be placed in the 

spherulitic structures and confined between the crystalline lamellae234. Polymeric chains 

display a conformational dynamics different from the bulk when the amorphous regions are 

confined in geometry with length scales of some nanometers by crystalline part130. Thus, 

semi-crystalline polymers form a worthy model to study the dynamic behavior of polymeric 

chains in nano-confined conditions235. 

     This type of confinement which is observed in semi-crystalline polymers can affect 
molecular dynamics, and especially cooperativity which depend on the molecular 
interactions between the macromolecular chains. These interactions depend also on the 
environment or the structural hindrances of the system. For example crystallization of PLA236 

𝐓𝛂 PC Massive 
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and PET237 display a decrease of the cooperativity due to the confinement effects of the 
crystals. Some authors showed correlations between crystallinity degree and CRR size 
(cooperative rearranging region), they observed that the CRR volume and number of 
monomer units per CRR decreases with increasing crystallizatinity degree76,238–240. Many 
studies show that the more confined the amorphous phase, the smaller the average size of 
CRR196,241.  
 

Thus, the glass transition temperature is also affected by crystals in semi-crystalline 

polymers. For example Dionísio M. et al. observed a consistent shift of glass transition 

temperature    to higher value in the case of semi-crystalline PLLA242. However Fitz and 

Andjelid243 observed a shift to lower    in PLLA at similar conditions but in partial 

constrained situation. In another study, Mijovid and Sy did not observed any change of    

during crystallization of PLLA at 80°C244. So understanding the attribution of changes 

occurring in the glass transition dynamics during crystalline development is complicated.  

     In semi-crystalline polymers, the discussion about the influence of the crystalline phase 

on the fragility value ( ) is still intense. Ngai and Roland235 showed that for various materials 

the fragility value is unchanged with respect to the one measured in the fully amorphous.  

According to the work of Arnoult M. et al.49 for semi-crystalline PLLA there is no significant 

variation of the fragility index compare to amorphous one, whereas for PET the fragility 

index decreases obviously during crystallization, so it goes from a fragile to strong material 

as soon as it becomes semi-crystalline. Some authors associate the variation of fragility index 

in semi-crystalline polymers to the establishment of the RAF49,245 which was explained in 

section 7-2. Other people suggested that if the polymer backbone is less flexible the fragility 

is more affected due to confined amorphous phase221,246. No global law has been established 

till now, as the variation of   with the crystallization conditions depend on the considered 

polymer236,247,248. 

     In this work, we investigate also the molecular dynamics in semi-crystalline oligomer of 

lactic acid with  ̅            . However in EIRCAP group (GPM laboratory) several 

people studied molecular dynamics in semi-crystalline polymers49,114,119,239,249, but nobody 

considered the molecular mobility in oligomers especially by using Flash DSC instrument. 
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Chapter 2: Materials and experimental techniques 
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          In this chapter, first of all the analyzed materials are presented, then the experimental 

techniques which were used to analyze these samples are described in more details. 

1- Poly (lactic acid) (PDLLA) and its oligomers 

     Lactic acid is an organic acid. It has a molecular formula              . It is a 

crystalline white acid in solid state and is extremely soluble in water. It is a chiral compound, 

as presented in Figure2-1 which means that there are two enantiomers D and L of lactic acid. 

The L isomer is much more present in nature. 

 

 

Figure2-1 Chemical structure of lactic acid dimers. 

     Lactic acid is also a monomer used for the synthesis of Poly (lactic acid) (PLA). The 

frequent association of two enantiomers in the form of dimers gives rise to three chemical 

compounds shown in Figure2-2: L.L-lactide, D.D-lactide and D.L-lactide. 

 

Figure2-2 Chemical structure of lactic acid dimers. 

     The mass production of PLA can be done by several methods of synthesis1,2. The PLA 

pellets which are used in my work were provided by                  who uses the ring-

opening polymerization method of lactides3. In a first step, the water is removed under mild 

conditions and in the absence of solvent. A prepolymer is thus formed. This prepolymer is 

depolymerized catalytically to form a dimeric cyclic compound: lactide. The purified lactide is 

polymerized by ring-opening in the absence of a solvent. This polymerization is mostly 

catalyzed by tin complexes4,5. 

     The PLA used in this work is PDLLA grade 4042D (having 95.7% L and 4.3% D isomers). It is 

a linear thermoplastic polymer. The presence D-lactic acid interferes with polymer 

crystallization, increases the chance to get a substantially amorphous PLA6. The number-

average and weight-average molecular weights are  ̅ = 116 kDa and  ̅  = 188 kDa, 

respectively, as measured by gel permeation chromatography. Before making film, pellets 

were dried for several hours at 50°C to remove any humidity. 

Lactic acid L-Lactic acid D-Lactic acid 
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     Different low-molecular-weight polyesters that are oligomers of D-/L-lactic acid series 

(          OLAs, code OLAx_y where ‘x’ is acid number (is a measure of the amount of free 

acids in a substance usually expressed as the number of milligrams of potassium hydroxide 

(KOH) required to neutralize one gram of the substance7.) and ‘y’ is weight average 

molecular weight  ̅ ) have been studied herein which were synthetized and supplied by 

‘’Condensia Química SA’’ in collaboration with Dr. S. Fiori and Dr. E. Passaglia in ″Isituto di 

Chimica dei Composti Organometallici (ICCOM)″ 8 . Some information were summarized in 

Table2-1. 

 

Table2-1-Repeating Units, Acid number and weight-average molecular weight ( ̅ ) of samples. 

 

2- Thermogravimetric analysis (TGA) 

     TGA is a kind of thermal analysis in which the sample weight is measured either as a 

function of temperature and/or time, under nitrogen, helium, air, other gas, or vacuum. It 

gives us the information about different chemical phenomena such as thermal 

decomposition and physical phenomena including phase transitions, absorption and 

desorption9. It is a beneficial technique for the study of polymer materials, including 

thermoplastics, thermosets, elastomers, composites, fibers, and coating10. 

     In this work, TGA analyses were performed using a Netzsch TG209 apparatus. Sample 

(mass of 5 ± 0.5mg) was placed in an open ceramic crucible. Baseline was calibrated from 25 

°C to 500 °C with a scanning rate of 10 K/min. A nitrogen atmosphere with a flow rate of 15 

mL/min was applied for the measurement. The Netzsch Proteus Thermal Analysis Software 

was used for data processing. Figure2-3 shows thermograms and derivative curves as a 

function of temperature for oligomers of lactic acid (OLAs) obtained by TG209. According to 

Figure2-3 there is no mass loss till 125°C, so we should be careful to apply the maximum 

limit of temperature in DSC because the material degradation can damage the apparatus 

and on the other hand in DSC all quantities are normalized to the sample weight, so during 

the analysis, the mass should be constant. Using TGA shows that the thermal stability 

decreases when the molecular weight decreases. The degradation temperature for 2% and 

the maximum weight loss was indicated in Table2-1. 
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Figure2-3 TGA curves of OLAs obtained by TG209 (a) thermograms and (b) derivative curves as a 

function of temperature. 

 
 

  

OLA2700 181.3 267.4 

OLA1900 154.4 261.6 

OLA1400 151.2 262.5 

 

Table2-2 Degradation temperature for OLAs obtained by TG209. 

 

3- Differential scanning calorimetry (DSC) 

     Understanding a material’s structure properties is necessary when designing, processing, 

and using a product. A range of thermal analysis techniques measure the physical properties 

of a material with respect to temperature, time, and atmosphere. The most prevalent 

thermal analysis technique is Differential Scanning Calorimetry (DSC) that allows a 

qualitative and quantitative determination of the thermal phenomena accompanying a 

phase transformation or structural evolution of a broad range of materials including 

polymers, pharmaceuticals, foods, biologicals, organic chemicals, and inorganic materials11–

13. With DSC, we easily measure thermal events such as the glass transition, melting, 

crystallization, cure reactions, onset of oxidation, and heats of transitions (enthalpy). Then 

expand upon the measurement of DSC heat Flow we can determine reaction kinetics, 

specific heat capacity, compatibility and stability of blends and alloys, effect of aging, impact 

of additives on crystallization, and much more. In general two kinds of DSC exist: 1) heat-flux 

DSC, 2) power-compensated DSC. 

 

 

 

(a) (b) 

Temperature of max 

weight (°C) loss 
Samples 

Temperature of 2% 

weight (°C) loss 
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3-1 Heat-flux DSC 

     The heat-flux DSC consists of a single furnace in which the sample and reference materials 

are heated or cooled together under a controlled temperature program. The measurement 

is based on the measure difference of heat flow between sample, reference and furnace. 

The sample is encapsulated in a pan (usually aluminum) and, along with an empty reference 

pan, sits on a thermoelectric disk surrounded by the furnace. The variation of temperature is 

applied to whole furnace and heat is transferred to the sample and reference (Figure2-4). 

 

Figure2-4 Schematic view of fusion cell in heat-flux DSC based on        technology14. 

     A material’s response in a DSC is best defined by the equation below, where the 

amplitude of heat flow is the sum total of a heat capacity component and kinetic component 

of the test material.  

 

                                                                         
  

  
                                                             (2.1) 

     Where:          is the sample heat flow,    is sample specific heat capacity, 
  

  
 is 

heating rate, and        is kinetic response at a specific temperature, time. The heat capacity 

component of the equation,   
  

  
, will express the specific heat capacity and changes in the 

heat capacity; this includes the glass transition observed in amorphous and semi-crystalline 

materials. Evaporation, cure reactions, crystallization, denaturation, and decomposition are 

expressed in the kinetic component, whereas melting, a latent heat, is an endothermic 

enthalpy change and may be expressed as a sum total of both heat capacity and kinetic 

components within the melting temperature range of a material. 

      In this work, experiments using heat-flux DSC were carried out with Thermal Analysis (TA) 

Instruments (DSC Q2000) based on        technology (Figure2-5). Such technology uses a 

more complex equation of heat flow. Thermal resistance and heat capacity of the sample 

(     ) and reference (     ) cell platforms are taken into account in the heat flow equation 

that give us the accurate real-time determination of heat flow available on any DSC. Thus by 
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measuring the temperature of the sample (  ) and the reference (  ) as a function of fixed 

temperature (  ) the measured heat flow is expressed as follow14: 

                                      
  

  
    (

 

  
 

 

  
)         

   

  
   

   

  
                               (2.2) 

     Where,    is a temperature difference between the sample and reference. In order to do 
an experiment with DSC Q2000 based on        technology, specific calibration is needed. 
First, a constant heating rate experiment was performed without sample and reference‘s 
pans. A second constant heating rate experiment was performed with sapphire disks directly 
placed on the sample and reference platform. These experiments figure out the resistance 
and capacitance of the cell platforms. In next step, the calibration in temperature and energy 
were carried out with using indium, by matching the melting temperature (        ° ) 
and enthalpy (              ) associated. A second standard for calibration in 
temperature is usually benzophenone (     °  ). The calibration has to be repeated if the 
scanning rate is changed. To ensure a good signal-to-noise ratio, masses of sample should be 
in the range of between 5 and 10mg. Scanning rate is selected to promote the resolution of 
investigated thermal events. All experiments are carried out under a nitrogen atmosphere. 
 

 
Figure2-5 DSC Q2000 based on        technology 

 

3-1-1 Conventional DSC 

     In conventional DSC (or classic or standard DSC), during heating, the sample and 
reference are subjected to a linear temperature ramp: 
 
                                                                                 °                                                           (2.3) 
 In which  ° is the initial temperature and   is the scanning rate. 
 
3-1-2 Modulated temperature DSC 

     By using conventional DSC, during heating or cooling ramps, samples undergoes thermal 

reactions that changes their physical and/or chemical properties. These reactions may occur 

at the same time or in the same range of temperature, so the respective heat flows are 

overlapped and cannot be distinguished from each other by conventional DSC. In 1993,  

Reading M.15 has proposed to use a sinusoidal oscillation super-imposed on a linear 

temperature scan in the conventional DSC. This idea is the basis of modulated temperature 
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DSC (MDSC). The temperature modulation can be also in other forms like square wave, saw 

tooth wave, triangular wave and pulse wave16. 

     In TA’s MDSC, a sinusoidal temperature oscillation is overlaid on the traditional linear 

ramp (Figure2-6). The net effect is that heat flow can be measured simultaneously with, and 

independently of, changes in heat capacity. In sinusoidal temperature oscillation in MDSC we 

can define: 

                                                            °                                                                      (2.4) 

Where,   is the modulation amplitude and   is the angular frequency of the temperature 

modulation with the period of oscillation        which varies from 10 to 100 seconds. 

Thus, the modulated heat flow   is expressed as follow: 

                                                                                                                                (2.5) 

Herein    is complex heat capacity. In order to allow the sample to follow the imposed 

thermal oscillation and also according to the nature of the event which is investigated, the 

modulation amplitude ( ), period of oscillation ( ) and scanning rate ( ) have to be chosen 

satisfactory17. 

 

Figure2-6 Sinusoidal temperature oscillation in MDSC. Plot was taken from thesis of  Nagihan Varol18. 

     The total heat flow signal contains the sum of all thermal transitions, just as in standard 

DSC. Modulated DSC separates the total heat flow into the reversing:    
  

  
  and non-

reversing:        heat flow signals16,19(Eq.2.1). The reversing heat flow, comprised of the 

heat capacity component, contains glass transition and melting transitions. The non-

reversing heat flow (kinetic component), contains events like crystallization, curing, 

volatilization, melting, and decomposition. In Figure2-7 the total heat flow with reversing 

and non-reversing signals were presented for PDLLA obtained by MDSC Q2000 with the 

modulation amplitude         , period of oscillation       and scanning ramp   

       in heat-only modulation mode. 
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Figure2-7 Total heat flow (black curve) with separated reversing (red curve) and non-reversing (blue 

curve) signals obtained from MDSC Q2000 for PDLLA. The total heat flow signal contains the sum of 

all thermal transitions. The reversing heat flow shows the glass transition step and the small melting 

peak. The non-reversing heat flow shows the crystallization (exothermic reaction) and melting 

(endothermic peak)20. 

     In MDSC, there are three temperature modulation modes: 1) heat-only, 2) heat-iso and 3) 
heat-cool. Heat-only is often used to investigate the coupling of different thermal events 
such as glass transition and cold crystallization and melting. Heat-iso is applied to investigate 
melting whereas heat-cool is used to study the glass transition and the molecular mobility in 
this region. In this work the heat-only and heat-cool modulation mode were selected. 
 
     The calibration of MT-DSC consists of DSC calibration and an additional step to calibrate 
the heat capacity. In this step a sapphire is used as a heat capacity standard because it does 
not undergo any transition in the temperature range scanned for polymer analysis. The heat 
capacity of sapphire as a function of temperature is stable and is well known (Figure2-8). 
Any change of experimental conditions such as the modulation amplitude, the scanning rate 
or the period of oscillation leads to do again the calibration. A calibration factor    can be 

calculated from the experimental and theoretical values of reversing heat capacity (Eq.2.6). 
This factor corrects the apparent heat capacity of the sample. This factor is averaged on the 
temperature range investigated. 
 

                                                
    

                           

                            
                                    (2.6) 

 

 
 

Figure2-8 Reversing heat capacity of sapphire done by DSC Q2000 in order to calibrate heat capacity. 
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3-2 Power-compensated DSC 

     In contrast to heat-flux DSC, in power-compensated DSC, sample and reference are 

completely isolated from each other (Figure2-9). Both the sample crucible and the reference 

crucible have their own heating element and temperature sensing element21,22. With the aid 

of a temperature programmer, both sample and reference are heated and always controlled 

to have the same temperature. As soon as changes in the sample occur, extra (in the case of 

an endothermic reaction) or less (with an exothermic reaction) heat will be needed to 

maintain the set heating rate. With the aid of special electronic circuitry, extra or less power 

is now sent to the sample holder in order to keep the temperature difference zero. In this 

way power and consequently heat flow and enthalpy changes are measured. In fact the 

reduction of the furnace size improves the heat transfer. Moreover, in this apparatus, it is 

expected that the distance between the furnace and the refrigerating system is also 

reduced, so power compensated DSC is a worthy to work at rates ranging from 10 to 200 

K/min23. In this work power-compensated DSC measurements were performed with Hyper 

DSC 8500              . 

 

 

            

Figure2-9 (a) Hyper DSC 8500                (b) DSC power compensation principle24 

4- Fast Scanning Calorimetry (FSC) 

     Fast scanning calorimetry (FSC) is used for the measurement of phase transformations 
over a wide scanning rate range. Schick and Mathot25 proposed to apply very high scanning 

rates in order to avoid or prevent thermal reactions, as well as observed very fast thermal 
reactions or crystallization processes by FSC. 
     In the past decades, the scan rate range of calorimeters has been extended strongly. 
According to the statement of Schick C. and Mathot V. in their book Fast Scanning Calorimetry 
25, the combination of various calorimeters and the newly-developed Fast Scanning 
Calorimeters (FSC) now span 11 orders of magnitude, by which many processes can be 
mimicked according to the time scales of chemical and physical transitions occurring during 
cooling, heating and isothermal stays. This opens not only new areas of research on 
polymers, metals, pharmaceuticals and all kinds of substances with respect to glass 
transition, crystallization and melting phenomena, but also enables in depth study of meta-
stability and reorganization of samples from 1 to 1000ng scale. In addition, FSC will become 
a crucial tool for understanding and optimization of processing methods at high speeds like 
injection molding. 

 
reference 

 pans 
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heaters 
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     The basic principle of FSC is to quantify the difference in amount of heat required to 
increase the temperature of a sample and a reference. So far, FSC measurements are only 
done by a power-compensated calorimeter. In this work, experiments were performed by 
fast scanning calorimeter Flash 1 DSC provided by                using calorimetric twin-
type chip sensor, based on MEMS (Micro-Electro-Mechanical Systems) technology (Figure2-

10). The MEMS chip sensor has two separated calorimeters for sample and reference and is 
mounted on a stable ceramic. The applied temperature is transferred by electrical 

thermocouples. Both sides of the chip sensor contain two thermal resistance heaters in order 
to apply desired temperature and the temperature resolution is determined by the time 
constant of the sensor (about 1 millisecond). Eight thermocouples polysilicon thermopile 
measure the temperature elevation of the sample area with respect to the silicon frame, 
which acts as heat sink. The measurement area of the chip is made of a silicon nitride and 
silicon dioxide coated with a thin layer of aluminum to provide homogenous temperature 
distribution across the sensor. FSC measurement system can support precisely  cooling rates 
from 0.01 to 4000 K/s and heating scans up to 40.000K/s in a wide range of temperature 
(from -90°C up to 450°C)26. Samples were continuously flushed with a 20          nitrogen 
flow gas to avoid water condensation from the environment and to optimize the program 
temperature which was applied. 

 
(a) 

 
 
Figure2-10 (a) Flash 1 DSC provided by                , (b) Twin-type MEMS chip sensor and its 
microscopic image with the PDLLA sample placed in the center of the sample area. (c) schematic view 
of twin-type MEMS chip sensor. 
 

     The calibration of the Flash 1 DSC consists of conditioning and correction procedures. The 
conditioning procedure checks the proper behavior of the sensor. Potential memory effects 
from its production are erased by heating the sensor to the maximum temperature (450 °C). 

(b) (c) 
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Then, the correction temperature is performed in order to correct the thermocouple signal 
with respect to the sensor support temperature. The correction is done by comparing the 
signal of the thermocouples with the temperature behavior of the heating resistances, which 
was determined during production. 

In this work samples mass was estimated from the step change in heat flow at the glass 
transition in amorphous state, from the one obtained through Flash DSC at |  |  |  |  
         and the one obtained using Hyper DSC 8500               and/or MDSC at 
|  |  |  |          : 
 

                                           
               

   

                 
                        

   
                   (2.7) 

 

5- Dielectric Relaxation Spectroscopy (DRS) 

     Dielectric Relaxation Spectroscopy is a powerful technique to study molecular dynamics 

especially in polymers27. This is partly due to the fact that a very broad frequency range from 

milihertz to gigahertz28 can be covered by dielectric spectroscopy in its modern form 

routinely by a tune combination of different measurement instrumentation. 

5-1 Basic principle of DRS 

     The basic principle of DRS is based on studying the motion of permanent dipoles present 
in materials by applying an alternating electric field which is created with a voltage. There 

are several types of polarization, such as:    Electronic polarization ( ⃗⃗  ), when the external 
field is applied, the electron clouds of atom are displaced with respect to the heavy nuclei 
within the dimensions of atom. It does not depend upon temperature.     Ionic polarization 

( ⃗⃗  ), It occurs only in some ionic crystals. In the presence of external electric field the positive 
and negative ions are displaced up to the point where ionic bonding force stops this 
displacement. Hence dipoles get induced. They also do not depend upon temperature.      

Orientational polarization ( ⃗⃗  ), it applies only in polar dielectric materials. Generally, in 
absence of external electric field electric dipoles are so oriented randomly that their net 
effect becomes zero but in presence of electric field, these dipole try to rotate and align in 
the direction of electric field. This is known as orientation polarization which is dependent 
over temperature also. In case of polymer, the net dipole moment per unit volume is linked to 
the total vector of all molecule dipoles that exist in the repeating unit, the polymer chain and 
overall structure in polymer chain. The polarization observed in polymers comes from the 

rotational mobility of permanent dipole moments ( ). This reorientation of the permanent 

dipoles of molecules is used to identify the sample properties like permittivity, resisitivity, 
energy storage etc., which give us information on molecular mobility within materials as a 
function of frequency and temperature29–31. 
     In the broad range of frequency, the sample can be considered as a circuit composed of 

an ideal capacitor and an ohmic resistor combined in parallel or serial. The complex 

impedance       of the circuit is measured by the spectrometer and may be defined in 

terms of energy dissipation or resistance     , and energy storage or capacitance     , 

where        is the angular frequency and   is the frequency. Other properties, such as 

electrical modulus      , electrical conductivity      , resistivity      , and more 
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particularly dielectric permittivity       are directly derived from the complex electrical 

impedance      . In order to measure complex impedance      , a sinusoidal voltage 

      is applied to the sample at a constant frequency: 

                                                                                                                                         (2.8) 

Then, the current   
     is measured across the sample: 

                                                                    
                                                                 (2.9) 

Where   is the phase shift between the applied voltage and measured current. The value of 

the complex impedance       is then obtained by the ratio32: 

                                                                              
     

     
                                                          (2.10) 

     The impedance is determined from the measurements of two voltages corresponding to 

the generated voltage applied to the sample and the voltage-converted sample current 

  
    . A schematic view of an equivalent circuit is presented in Figure2-11. These voltages 

are analyzed by the Fourier transform technique to obtain information on their phases and 

amplitudes. The complex permittivity is consequently determined from the following 

equation: 

                                                                            
 

     
    

                                                     (2.11) 

 

Where,    is the capacitance of the empty capacitor. 

 

Figure2-11 Schematic view of an equivalent circuit to the spectrometer analyzer27 

     Permittivity characterizes the ability of charges within a material to displace or reorient in 

the presence of an external electric field, so its determination is all important to obtain 

information on the capacity of dipoles within a material to move. The complex permittivity 

can also be written as a real and imaginary part: 

                                                                        ′      ′′                                                 (2.12) 

Where  ′    is the real part of the permittivity related to the stored energy within the 

medium and  ′′    is the imaginary part of the permittivity related to the dissipation of 

energy within the medium. 
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     In this study, DRS measurements were carried out with a Novocontrol Alpha analyzer 

(Figure2-12a). The temperature was controlled by a Quatro Novocontrol Cryosystem with 

temperature stability better than ± 0.2 . The broadband dielectric converter (Alpha analyzer 

interface) allows the measurement of the complex dielectric permittivity (real and imaginary 

parts) in a wide frequency range (In this thesis, from        to         was used). In our 

work, parallel electrodes (for PDLLA) and interdigitated electrodes (IEs) (for OLAs) were used 

for dielectric measurements (Figure2-12). PDLLA film (prepared from PDLLA pellets) was 

placed between parallel electrodes, using circular gold plates having 30   diameter. OLAs 

were placed on interdigitated electrodes (IEs) (BDS1410-20-150) with a sensor diameter of 

20 mm and accuracy in loss factor equal to     = 0.001. IEs electrodes are made of two 

interpenetrating comb electrodes made of gold plated copper located on a silica substrate. 

This interdigitated configuration creates an electric field distribution mainly concentrated 

within a very thin layer of thickness at the interface between the substrate and sample 

material. Before deposition OLAs on IEs, each electrode was calibrated by measuring its 

respective geometric capacity      when it is empty and substrate capacity       through 

the measurement of a standard material with well-known permittivity (Silicon oil). Assuming 

that the electric field penetrates only in the sample and the substrate by creating two 

independent capacitors so the measured total capacity is given by33: 

                                                                   
       

     
                                                          (2.13) 

Where   
     is the complex capacity of the electrode and   

 ,    
  are the complex 

permittivity of the sample and substrate respectively. 

 

Figure2-12 (a) Dielectric Relaxation Spectroscopy (DRS) Novocontrol device, (b) Parallel electrodes 

used for PDLLA film, (c) Interdigitated electrodes used for OLAs samples. 

     DRS measurements were performed on amorphous systems. For PLLA, pellets were dried 

for several hours at 50°C to remove any humidity. Pellets were first melted for few minutes 

at 190°C and then press into molded film between steel plates under    (for two minutes) 

with manual Hydraulic press by        , then, the film was quenched with cold water (at 

room temperature) in order to avoid crystallization. For OLAs, samples have been melt and 

then quenched with liquid nitrogen on IE electrodes. 

 

 

(a)                                             (b)                                (c) 
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5-2Analysis of dielectric spectra 

     In this work, we use dielectric spectroscopy in order to investigate the relaxation 

processes. The dielectric relaxation processes can be analyzed by different model 

functions27. Starting from the theoretically well founded Debye function27, several formulas 

for both the frequency and the time domain have been suggested to describe the 

experimentally observed spectra. The most important of these approaches are summarized 

below: 

     1) The Debye function for the frequency dependence of       is given by: 

                                                                         
  

      
                                                     (2.14) 

Where    is the dielectric relaxation strength or intensity,    is the dielectric permittivity in 

the high frequency limit of the material and    is Debye relaxation time which related to the 

position of maximal loss. In this case the shape of the loss peak is symmetric. The Debye 

model is usually suitable for simple polar liquids but rapidly becomes inappropriate in more 

complex systems like amorphous polymers. This is the simplest model of dipole relaxation. 

     2) In most cases the half width of measured loss peaks is much broader than predicted by 

(Eq.2.14) (up to six decades) and in addition their shapes are asymmetric with a high 

frequency tail. This is called non-Debye relaxation behavior. Broadening of the dielectric 

function can be described by Cole/Cole (CC) function34: 

                                                                 
        

  

         
                                                (2.15) 

Where,       leads to a symmetrical broadening for the relaxation function compared 

to (Eq.2.14). For β = 1 the Debye-function is obtained. The Cole/Cole relaxation time     

gives the position of maximal loss by        . 

     3) Many experimental results, especially on liquids or low molecular glass-forming 

materials, show that the complex dielectric function can have also an asymmetric 

broadening which can be described by the Cole/Davidson function35 for higher frequencies:  

                                                                 
        

  

         
                                               (2.16) 

The parameter        describes an asymmetric broadening of the relaxation function 

for frequencies  >       where     is the Cole/Davidson relaxation time. For γ = 1 the 

Debye-function is recovered again. It should be noted that for an asymmetric model function 

like the Cole/Davidson-function the characteristic relaxation time of the model function does 

not coincide with the relaxation time which is related to the position of maximal loss. 

     4) A more general model function was introduced by Havriliak and Negami (HN-function), 

which is in fact a combination of the Cole/Cole- and the Cole/Davidson-function36: 

                                                                  
        

  

          
   

                                        (2.17) 



 

 74  

 

Shape parameters   and   describe the symmetric and asymmetric broadening of the 

complex dielectric function, when    ,     the equation is reduced to Debye function. 

Real and imaginary part for the HN-function are given as follows: 
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With: 
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The position of maximal loss               
   depends on the parameters     and     

according to37:  

                                                                   [
   

      
      

   
    

      

]

     

                                         (2.21) 

     In practice, the dielectric spectra of a complex system do not exhibit isolated peaks, 

various relaxation processed and conduction effects also contribute to the dielectric spectra. 

The conduction effects were analyzed by adding a contribution       
  

    
  to the 

dielectric loss, where    is Ohmic conduction related to the mobile charge carriers. 

Parameter s (0   s   1) describes Ohmic     ) and non-Ohmic     ) effects in 

conductivity.    is dielectric permittivity of vacuum. In this work, the analysis of dielectric 

spectroscopy data has been performed using grafity software. When several relaxation 

processes were observed in the experimental frequency range, a sum of HN functions was 

applied to the experimental data. The fitting procedure can be conducted on both the loss 

part (imaginary part) and also on the real part. 
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Chapter3: Molecular dynamics of Poly Lactic Acid 

(PDLLA) and its oligomers (OLAs) in amorphous state 
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     In this chapter, we study the structural relaxation and molecular dynamics of wholly 

amorphous PDLLA (95.7% L-lactic acid) and its oligomers (OLAs) with different molecular 

weight through calorimetric techniques such as MDSC, Flash DSC. Some concepts such as 

fictive temperature, thermal lag and structural relaxation have been studied to characterize 

the influence of the cooling rate on glass transition in Flash DSC. In fact, Flash DSC allows 

exploring thermal properties of materials over a broad range of heating and cooling rates, 

complementary to rates usually used with DSC.  

     In parallel we use Dielectric Relaxation Spectroscopy (DRS) technique over a wide range of 

temperature and frequency to cover global and secondary relaxations. By this technique 

several relaxations were observed for these samples. Beside these relaxations,  -relaxation 

parameters, the relaxation times, glass transition temperature (  ), fragility and activation 

energy (related to each relaxation process) etc. are discussed in this chapter to investigate 

the effect of molecular weight on our samples. Then, the temperature dependence of the 

cooling rate obtained by Flash DSC is also compared to the temperature dependence of the 

relaxation times obtained from DRS. The comparison of these two dependencies implies a 

better understanding about the origin of the temperature dependence of the cooling rate.  

     In this chapter, we compare also results given by calorimetric and dielectric techniques 

regarding the influence of the molecular weight of our samples on both glass transition 

temperature and fragility index. 

 

1- Fictive temperature  

    The phenomenon of global relaxation can be depicted using the concept of fictive 

temperature    
1 which depends on cooling rates    applied in Flash DSC. This temperature 

allows to characterize the non-equilibrium state related to vitrification and is calculated by 

area matching method2 which was explained in first chapter. In fact, the value obtained is 

limiting fictive temperature, since the fictive temperature is not a fix value and is dependent 

on temperature but for simplicity we used fictive temperature instead of limiting fictive 

temperature in this work. 

    Figure3-1 shows the estimation of fictive temperature with Flash DSC technique  upon 

heating for PDLLA by area matching method proposed by Moynihan et al.2, when the heating 

and cooling have equal rate (   |  |         ), the      °C is obtained without 

thermal lag corrections (explained in next part) so it is higher than one obtained by DSC (at 

   |  |                 ) which is 57°C.3,4 
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Figure3-1 Flash DSC Normalized heat flow of 190ng wholly amorphous PDLLA as a function of 

temperature upon heating for scanning rate    |  |         .  

 

1-1 Dependence of fictive temperature on cooling rate  

    Many studies have demonstrated that fictive temperature depends on cooling rate5–7and 

theoretically it shouldn’t depend on heating rates. Gao et al.6 observed no dependence of 

fictive temperature on a wide range of heating rates by combining Flash DSC and DSC. 

    In this work, the dependence of fictive temperature on cooling rates has been investigated 

by using Flash DSC on PDLLA and oligomers of lactic acid with different molecular weight. 

Figure3-2 shows heating scans of wholly amorphous PDLLA and OLAs over five decades of 

cooling rates in Flash DSC. An endothermic step of specific heat capacity indicate glass 

transition of the material which is observed along with an endothermic relaxation peak. This 

relaxation peak shifts toward higher temperatures and its amplitude increases when the 

cooling rate is reduced. The mass of samples in Flash DSC was estimated by following 

equation: 

 

                                                               
             

                      
                                               (3.1) 

 

Where,               is heat flow step at glass transition obtained from Flash DSC in  att, 

          is heat capacity step obtained from MDSC in         and         is heating rate 

in Flash DSC. Values of     obtained from MDSC (           ) were reported in 

Table3-1. 

𝐓𝐟  𝟕𝟒°𝐂 
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Figure3-2 Flash DSC Normalized heat flow of wholly amorphous PDLLA and its OLAs as a function of 

temperature upon heating for scanning rate           . The glassy PDLLA and its OLAs were 

formed over five decades of cooling rates. 

Samples PDLLA OLA2700 OLA1900 OLA1400 

    
 

   
   0.51      0.55      0.57      0.60      

Table3-1 Heat capacity step     obtained from MDSC for all samples. 

1-2 Thermal lag corrections in Flash DSC 

     In order to improve the accuracy of the fictive temperatures obtained by Flash DSC, the 

thermal lag correction is required8. The thermal lag is a shift of temperature due to the heat 

transfer delay between the heater and sample. It is caused by the high scanning rates used 

and the sample geometry (for ex. sample thickness)9. The thermal lag related to the sample 

thickness  can be corrected by the melting of Indium piece or other materials (in our case it 

is Gallium) placed on the top of the sample9–12. Schawe 10 proposed two thermal lag 

corrections (static and dynamic) in order to measure the glass transition temperature 

accurately by Flash DSC experiments. The static thermal lag       corresponds to a third of 

the difference between the onset melting points of an indium (or another material) piece 

placed on the sample specimen and another one placed directly on the reference chip 

sensor. The dynamic thermal lag       corresponds to a half of the difference between the 

fictive temperatures determined from measurements upon heating and cooling. A total 

thermal lag values are calculated by following equation: 

                                                                                                                                        (3.2) 
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     Figure3-3 depicts the procedure of the dynamic and static thermal lag determination for 

PDLLA. The different thermal lag values were summarized in Table3-2 for all samples. The 

corrected fictive temperature is obtained by substract the total thermal lag value from the 

fictive temperature (determined by area matching method). 

 

 

Figure3-3 (a) Estimation of dynamic thermal lag measured from a half of the difference of fictive 

temperatures    upon heating and cooling at    |  |          for PDLLA. (b) Estimation of 

static thermal lag measured from a third of the difference in the onset melting temperature of a 

Gallium placed on top of the PDLLA and another one on the reference sensor chip of Flash DSC. 

 

Samples     °       °       °   

PDLLA 3 4 7 

OLA2700 0 3 3  

OLA1900 0 2 2 

OLA1400 0 2 2 

Table3-2 Dynamic    , static     and total thermal lag     values estimated from Flash DSC for 

PDLLA and its OLAs at    |  |         . 

1-3 Non-Arrhenius behavior of fictive temperature’s variation   

     Figure3-4 shows the variation of logarithm cooling rates with inverse fictive temperatures 

(    ) after thermal lag corrections. As clearly shown in Figure3-4, when the cooling rate 

applied to form the glass increases, the fictive temperature increases by following a non-

Arrhenius evolution. This curved evolution can be fitted with a modified version of VFT 

equation (Eq.1.2 in Chapter1)10,13: 

                                                                   |  |    
   

           
                                              (3.3) 

Where A is a constant, D and    are fitting parameters.    is the extrapolated temperature 

when relaxation times tends to infinite and is called Vogel temperature. By analogy to the 

(a) (b) 

Heating 

Cooling 
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Eq.1.4 in Chapter1, the calorimetric fragility index can be defined through the following 

equation: 

                                                           
        

  
  

  
 
|

     

 
     

    (     )
                                          (3.4) 

     As shown in Figure3-4, experimental data fit well to VFT law. The glass transition 

temperature     at    |  |          and fragility indexes estimated from the slope of 

these fitting curves at     for    |  |          are shown in Table3-3, As expected    is 

shifted to higher temperature when the cooling rate increases (for ex. 1500K/s in Flash DSC 

in comparison with 10K/min in DSC)3,4,14,15. According to Eq.3.4 the fragility index is highly 

dependent on the temperature at which it is estimated. Since glass transition estimated 

from Flash DSC (at    |  |         ) is greater than the ones estimated from DSC, the 

value of            is much lower14. As is observed in Figure3-4 and Table3-3 the glass 

transition temperature    (    for    |  |         ) and fragility index decrease with 

decreasing molecular weight16,17.  

 

Figure3-4 Evolution of log(|  |) determined from Flash DSC experiments as a function of inverse 

fictive temperature for PDLLA and its OLAs. Dash-dot lines are VFT fits to Flash DSC data. 

 

Samples        |  |   
 
                            

PDLLA 340.0 295.0 91 

OLA2700 284.5 222.5 61 

OLA1900 279.0 202.0 52 

OLA1400 266.5 174.5 40 
Table3-3 Glass transition temperatures and fragility indexes determined from Flash DSC data. 

 

 

1000/𝐓𝐟/K 
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2- Dielectric relaxations in 3D curves  

     Figure3-5 shows dielectric relaxation maps of the imaginary part of permittivity (loss part) 

in 3D as a function of frequency and temperature for PDLLA and OLAs. In lower temperature 

range (-150°C to 0°C) PDLLA and all OLAs show secondary relaxations which shift to higher 

frequencies as the temperature increases. In higher temperature range the  -relaxation 

(which is more intense) takes place, associated to the structural relaxation (dynamic glass 

transition). The conductivity phenomenon at higher temperature than dynamic glass 

transition temperature      and lower frequency is also observed with large increment of  ′′  

for all samples. The appearance of this conductivity is related to the charge transport of free 

ions through the sample. In Figure3-5 some parts of conductivity region have been cut to see 

better the relaxation processes. 

 

 

Figure3-5 Imaginary part of the complex dielectric permittivity  ′′ vs frequency and temperature. The 

main relaxation process (structural relaxation) was indicated by  . Secondary relaxations were 

indicated by    and    for PDLLA (   is faster than   ). There is only one observable secondary 

process in 3D relaxation map from DRS for OLAs indicated by      . 
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3- Conduction effect in DRS data 

     As was mentioned in chapter2, relaxation processes are characterized by a peak in the 

imaginary part  ′′  and a step-like decrease of the real part  ′ of the complex dielectric 

function        ′      ′′    with increasing frequency. The conduction phenomena 

always shows an increase of imaginary part of the dielectric function with decreasing 

frequency18–20. For pure ohmic conduction the real part of    is independent of frequency 

while for non-ohmic conduction or polarization effects, the real part of    increases with 

decreasing frequency21. 

     In these samples the separation of charges at interface gives rise to an additional 

polarization which is called electrode polarization21 (it was cut in Figure3-5 to see better the 

relaxation processes). This is an unwanted parasitic effect during a dielectric experiment and 

takes place at the external electrodes containing the sample on a macroscopic scale that can 

mask the dielectric response of the sample. It occurs mainly for moderately to highly 

conducting samples and influences the dielectric properties at low frequencies. Both the 

magnitude and the frequency position of electrode polarization depend on conductivity of 

the sample and can result in extremely high values of real and imaginary part of the complex 

dielectric function. Figure3-6 shows the real and imaginary part of the complex dielectric 

function of PDLLA and its OLAs at one example temperature where       ′  was increased at 

low frequencies that means the electrode polarization exists. High increase of       ′′  at low 

frequencies with slop equal to -1 shows the conductivity contribution. 

 

 

Figure3-6 The real and imaginary part of the complex dielectric function    as a function of frequency 

at one example temperature for PDLLA and its OLAs to observe the conduction effect and electrode 

polarization. 

Electrode polarizarion 

Conductivity 

contribution 
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4- Normal mode and  -relaxation 

     Figure3-7 shows the frequency dependence of       ′′  for PDLLA and different molecular 

weight of OLAs at different temperatures in  –relaxation range. Usually in a dielectric study, 

the frequency      at which  ′′  takes the maximum value shifts to higher frequency with 

increasing temperature which mainly shows the increasing mobility of molecules at higher 

temperature.  

 

 

Figure3-7 Frequency dependence of dielectric loss factor    (in logarithm) of normal mode and  –

relaxation for PDLLA and OLAs at different temperatures. 

     In order to investigate the segmental relaxation phenomenon the isothermal dielectric 

loss spectra (Figure3-7) were fitted with a conductivity contribution and Havriliak- Negami 

(HN) complex functions22 in a range of  –process. According to 3D plots (Figure3-5), it seems 

only one HN function is needed to describe  –relaxation, whereas during fitting processes 

two HN functions are required for all samples. Two relaxation peaks are more clear in 

Figure3-7 for OLA2700 and OLA1900 than PDLLA and OLA1400. Since PDLLA and OLAs are 

type-A polymers23–25 (Type-A polymers have a dipole moment parallel to the chain 

backbone), it is expected that another relaxation process at lower frequencies than 
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segmental relaxation exists which is called normal-mode relaxation20 related to the overall 

chain dynamics.  

     Figure3-8 presents an example of fitting procedure for the imaginary part of the complex 

permittivity versus frequency for PDLLA and OLAs at selected temperatures. Two HN 

functions are required for fitting: one for normal-mode and another one for  –relaxation. 

The shape parameters (       ) were reported for each sample at indicated temperature. 

These parameters for PDLLA are in good agreement with the thesis of B.Rijal26. 

 

 
Figure3-8 Illustration of the analytical procedure used to investigate the relaxation phenomena in 

segmental relaxation region by fitting the isothermal dielectric loss with a conductivity contribution 

(black dashed line) and two Havriliak−Negami (HN) complex functions: one for normal mode 

relaxation (red dashed line) and another (blue dashed line) for  –relaxation. The black solid line is 

the final fitting. The shape HN parameters for both processes in amorphous state are also reported at 

temperature indicated for each sample.  

4-1 Shape parameters    ,     

     As was discussed in Chapter2, these parameters describe the symmetric and asymmetric 

broadening of the complex dielectric function and founded less than 127. In Figure3-9 the 

shape parameters obtained from HN fits (Eq.3.5) for  –relaxation process versus 

temperature were plotted for each sample. What can be observed is that for PDLLA, 

   >     but for OLAs it is vice versa. 
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[         
   ]   

                                                    (3.5) 

 
Figure3-9 Variation of shape parameters for  –relaxation as a function of temperature obtained by 

HN fitting procedure for PDLLA and different OLAs. 

 

4-2 Dielectric relaxation strength    

     By fitting the experimental data with the HN function (Eq3.5), the dielectric strength     

is also obtained, which was defined (according to the generalized form of the Debye’s 

theory) by Onsager, Fr hlich, and Kirkwood as21: 

                                                                   
 

   
  

  

   

 

 
                                                               (3.6) 

     Where    is the vacuum permittivity,    is the Kirkwood correlation factor,    is the time-

correlation function of the total dipole moment,    is Boltzmann’s constant,   is the 

temperature, and     is the volume density of dipoles. The temperature dependence of the 

dielectric strength    obtained from DRS experiment was demonstrated for  -relaxation for 

each amorphous sample in Figure3-10. According to Eq.3.6     decreases with increasing 

temperature for different glass forming systems like polymers and thin polymer films27–30 . 

As is observed in Figure3-10 this value is also decreasing with increasing molecular weight 

which is in agreement with the work of Madhusudan.T et al. who compared the dynamics of 

poly (vinyl acetate) with its oligomer31. The lower     in the case of PDLLA could be a direct 

consequence of its chain connectivity31. Usually in polymers only the component of the 

dipole moment perpendicular to the main chain contributes to the observed dielectric 

strength and since PDLLA is a type-A, the number of dipole moments perpendicular to the 

main chain is less compare to the parallel dipole moments20,27. In the case of OLAs maybe 

the perpendicular dipole moments are more numerous or their density is higher31 so     has 

higher value compare to PDLLA. 
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Figure3-10 Temperature dependence of the dielectric strength for  -relaxation     for all samples. 

PDLLA has lowest     compare to OLAs. 

5- Relaxation map for  -relaxation 

     The fitting process of isothermal dielectric loss spectra by HN functions at each 

temperature in the range of structural relaxation allows obtaining the relaxation map on this 

range. Figure3-11 shows the inverse of relaxation time as a function of the inverse 

temperature for PDLLA and OLAs. As we see, α-relaxation process of each sample occurs at 

higher temperature when molecular weight is increased, which is in good agreement with 

the work of Madhusudan.T et al31. It means that the glass transition temperature increases 

with increasing molecular weight. 

     The experimental data in the range of the α-relaxation can be fitted by a 

Vogel−Tamman−Fulcher (VFT) law13,27,32,33. Usually the temperature dependence of the 

relaxation time for α-relaxation presents a non-Arrhenius behavior and is well described by 

VFT equation (Eq.3.7). The glass transition temperature      can be estimated by 

extrapolating VFT fit to the common convention,        or    (
 

 
)    . By putting VFT 

parameters in Eq.3.8,    can be obtained (all VFT parameters from fitting and    from DRS 

were reported in Table3-4).  To correlate the dependence of the relaxation times to dynamic 

glass transitions, the MDSC data was added at          
 

  
        for each sample. As 

shown in Figure3-11 glass transition temperatures estimated from MDSC are in good 

agreement with dielectric relaxation spectroscopy (DRS) measurement. 

                                                       (
 

    
)            

   

          
                                           (3.7) 

                  

                                                                       
   

                
                                                  (3.8) 

 Where   ,    and D are VFT parameters obtained from Eq.3.7, D is the strength parameter 

(related to fragility, introduced in first chapter), when D increases the fragility index 
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decreases which means the material is more strong.    is a characteristic temperature below 

   which is called Vogel temperature.    is relaxation time at infinite temperature. 

     The fragility indexes are calculated at    with Eq.3.9. In general the fragility index is highly 

dependent on the temperature at which it is estimated. All fragility indexes related to PDLLA 

and OLAs from DRS were reported in Table3-4. Fragility indexes of OLAs reveal that 

amorphous OLAs can be classified as strong or intermediate glass forming liquids whereas 

PDLLA is classified as a fragile polymer. 

                                                          
       

  
  

 
 
|

    

 
     

    (     )
                                             (3.9) 

 

                                          

PDLLA -13.43 4.28 291.5 327.0 145 330.0  

OLA2700 -14.98 8.66 217.5  265.0 95 268.0  

OLA1900 -16.40 12.61 198.5  257.5  81 259.5  

OLA1400 -18.41 19.97 172.0 244.5  69 246.5  

Table3-4 Fit parameters derived from VFT fits for PDLLA and OLAs.    ( =100s) and fragility indexes 

from DRS were indicated.   (  10s) were obtained from MDSC measurements. 

 

 

Figure3-11 Logarithmic plot of inverse relaxation time (      ) for α-relaxation as a function of the 

inverse temperature for PDLLA and OLAs. Black hollow Symbols are from DRS experiments, red filled 

symbols are from MDSC experiments (p=60s,      ) and dashed black lines represent VFT fits for 

each sample. 

 

 

MDSC 
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6- Combination of DRS and Flash DSC 

     The Temperature dependence of cooling rate can be correlated with the temperature 

dependence of relaxation rate of the structural relaxation. Superposition of dielectric 

relaxation rate noted      
 

 
  and Flash DSC cooling rates noted      |  |  was plotted as a 

function of inverse temperature in Figure3-12. 

     The relationship between cooling rate and relaxation rate can be found as Frenkel-

Kobeko-Reiner(FKR) relationship10 : 

 

                                                                            
  

 
                                                                  (3.10) 

Where C is constant. 
     According to FKR approach, a relationship between similar VFT equations should be used 
for glass transition temperature dependencies of the cooling rate and of the relaxation rate 
with same D and    constants and a simple constant logarithmic shift       . From Eq.3.3 
and Eq.3.7: 
 

                                     |  |     (
 

 
)                       

   

          
               (3.11) 

 
      

 

Figure3-12 Temperature dependence of the relaxation time (left coordinate) and cooling rate (right 

coordinate) as a function of inverse temperature determined from Flash DSC (blue symbols) and DRS 

(black symbols) for PDLLA and its OLAs. Blue and black dashed lines are VFT fits to Flash DSC and DRS 

data respectively. Solid black line is VFT fit to all data obtained from Flash DSC+DRS. 

     As reported in Table3-4, according to Eq.3.7, VFT parameters were extracted from DRS 
measurements. By putting    and D parameters obtained from VFT fitting of DRS data and 
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applying Eq.3.11 to our Flash DSC results, we obtain            for PDLLA,            
for OLA2700,            for OLA1900 and            for OLA1400. 
     As presented in Figure3-12, a shift of less than one decade (         ) of the right axis 

     |  |  implies a very good superposition of DRS and Flash DSC data. In general,       

values can be obtained by correlating calorimetric dynamic spectroscopy measurement (AC-

Chip calorimetry, HCS, MDSC, 3  method, etc.) with DSC and Flash DSC data10,34. These 

values are dispersed from values close to 0.335-1.536,37. In this idea, few studies compare 

systematically Flash DSC glass transition temperature dependencies of cooling rates with 

DRS structural relaxation temperature dependence for a set of samples (never done for 

oligomers). 

     In the past, studies of the cooling rate dependence of    were limited by the narrow 

range of rates available in DSC. This limited range led to Arrhenius-like dependencies of a 
broad family of strong and even fragile polymers38–41. The determination of calorimetric 
fragility index in these constraining conditions had then significant uncertainties. Taking into 
account our results, the calculation of calorimetric fragility in order to be compared with 
dynamic fragility (at   = 100 s) has to be done using the logarithmic shift on the cooling rate 
dependence of   . Accepting VFT dependency of the logarithmic shift of the cooling rate, the 

calorimetric fragility can be written as Eq.3.4 with     at cooling rate |  |           . 

For example, for PDLLA, this corresponds to     at |  |               , so a glass 

transition temperature of 327K identical to this obtained from DRS. Using the logarithmic 
shift on the cooling rate dependence of   , a new calculation to estimate fragility index ( ) 

and glass transition temperature (  ) from Flash DSC+DRS can be done. Since this calculation 

covers more data, it seems it will be more accurate (see Table3-5). 
 

 Flash DSC 
        PDLLA     2700     1900    1400 

 Flash DSC+DRS 
PDLLA    2700      1900     1400 

              A 
 
 
 

                  
 
                    
 
 
 

      
   

 
 
 

 
Table3-5 Fit parameters derived from VFT fits to data for PDLLA and its OLAs obtained from Flash 
DSC (with similar values of D and   , obtained from VFT fitting of DRS data) and from Flash DSC+DRS 
combination. 
 

7- Variation of    and fragility with molecular weight 

     As mentioned in Chapter1,    of linear polymers increases with increasing molecular 

weight    and essentially saturates within an error at high   . Traditionally, variation in    

as a function of molecular weight for polymers is described by using the Fox-Flory relation42: 

                                                                                                                                     (3.12) 

 297.0     222.5      206.5      172.5 

155          99             85           68  

77.5 

𝐦 𝐓𝐠  

𝐓𝐠 𝛕  𝟏𝟎𝟎𝐬 (K)                      

𝐓𝐕(K) 

𝐃 3.29        7.18         9.70     19.14 

327.0     264.5       257.5     243.5 

𝐃 

𝐓𝐕(K) 

𝐓𝐠 𝛃𝐂  𝟏𝟎 𝟐𝐂 (K) 

𝐦 𝐓𝐠  

14.30    15.28   16.75     18.88 

  4.28      8.66     12.61     19.97 

291.5   217.5    198.5     172.0 

327.0   265.0    257.5    244.0 

 145         95          81           69 

12.13      14.01      14.91     17.90  
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Where      is    in the limit of infinite   ,    is the number-average molecular weight and 

  is an empirical parameter for a particular polymer species. 

     This relation (as explained in Chapter1) often breaks down for oligomeric systems43–48. 

      reveals a noncontinuous   dependence with three distinct regimes especially for 

rigid polymers48. 

     Figure3-13 shows the variation of    for different molecular weight (PDLLA and its OLAs) 

obtained from calorimetric technique (Flash DSC, MDSC) and Dielectric Relaxation 

Spectroscopy (DRS). There is a good agreement between the    derived from Flash DSC and 

DRS but the    obtained from MDSC is a little higher than others since in MDSC the relaxation 

time is about 10seconds which is different than the one chosen for definign    in DRS, meaning 

100s. With increase in   , the restriction on segmental mobility increases, leading to an 

increase in   .  However these data can be fitted satisfactory by Fox-Flory relation but from 

the study of Baker L. et al.48 since polylactic acid (PLA) is a rigid polymer, we expect to 

observe the complex behavior of        in three seperated regimes as explained in 

Chapter1. We can assume that, lack of enough data especially in higher molecular weight 

than these oligomers leads to have invisible three distinguished regimes. If we consider 

three regions behavior for   , according to the recent study of Baker L. et al.48, in region   

and    , the  -relaxation is controlled by intermolecular interactions (regime     involved 

much less of structural units than regime  ), whereas in region   , the  -relaxation arises 

from intramolecular dynamics.  

 

Figure3-13 The number-average molecular weight dependence of    for our samples with 

              (obtained from Fox-Flory fit). The red line shows Fox-Flory fitting and the black 

dashed line separates three hypothetical regimes for      . 

     The fragility index is also dependent on molecular weight, on Figure3-14 we see this 

dependency for our set of samples. Most organic polymers with van der Waals interactions 

exhibit fragility much higher (over 100 49,50) than their small molecular weight counterparts. 

The fragility of most monomers or oligomers is within the range of 60-9051, similar to small 

molecules with Van der Waals interactions. Causes behind such large differences in the 

fragility of polymers versus small molecules or oligomers are not completely understood. As 

𝐓𝐠   Inter 

𝐈 𝐈𝐈 𝐈𝐈𝐈𝐈 
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we see in Figure3-14, the fragility indexes obtained from DRS and Flash DSC are in good 

agreement and also increase with increasing molecular weight (The fragility index obtained 

from DRS for PDLLA is similar to that reported by Rijal et al18), whereas the fragility indexes 

from DRS+ Flash DSC are a little higher. According to theoretical predictions52–54    and 

fragility for linear monodisperse chains is only expected to increase with molecular weight. 

 

Figure3-14 The weight-average molecular weight dependency of fragility index (m) for our samples. 

8- Activation energy of  -relaxation 

     Activation energy associated with the structural relaxation can be calculated by following 

equation: 

                                                                           
       

  
 

 
 
                                                             (3.13) 

Where   is the characteristic time of the structural relaxation at temperature   and   is the 

gas constant. Results of our samples are presented in Figure3-15 in a normalized plot 
  

 
. In 

liquid-like state, when approaching the glass transition, the activation energy increases 

because of the possibility that the structural relaxation mobilizes a higher number of 

structural units55–57. 

 
Figure3-15 Activation energy as a function of  

  

 
 calculated from DRS results for PDLLA and OLAs. 

�̅�𝐖 
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      Figure3-16 shows the dependency of activation energy associated to structural relaxation 
with molecular weight. As we see the activation energy      increases with increasing 

molecular weight.  
 

 
 

Figure3-16 The weight-average molecular weight dependency of activation energy calculated from 

DRS for our samples at    corresponding to  =100s. 

9- Secondary relaxations 

     These processes are faster than α-relaxation, that appear in the supercooled liquid regime 

and persist at temperatures below glass transition. Secondary relaxation is considered as an 

inherent part of the glassy dynamics and so, its understanding can be very important to 

clarify the phenomenon of the glass transition58. Most authors agree that  -relaxations of 

amorphous polymers arise from localized rotational fluctuations of the dipole vector59,60. 

Figure3-17 shows the frequency dependence of dielectric loss factor  ′′  (in logarithm) of 

secondary relaxations at different temperatures for PDLLA and OLAs. As observed also in 3D 

curves (Figure3-5) for OLAs there is only one secondary relaxation which is almost in the 

same temperature range and has the same intensity (Figure3-17). For PDLLA there are two 

secondary relaxations which are very close together so we see a broad peak that was fitted 

by two HN functions in different temperature range of secondary relaxations of OLAs. 

 

�̅�𝐖 
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Figure3-17 Frequency dependence of dielectric loss factor (in logarithm) of   ,   relaxations for 

PDLLA and fast  -relaxation (     ) for OLAs at different temperatures. 

     3D-images of dielectric relaxations in Figure3-5 show that, there is only one secondary 

relaxation ( ) for OLAs whereas for PDLLA there are two (     ). During fitting process of 

isothermal dielectric loss with HN functions in all temperature range (-145°C to 60°C) for 

OLA2700 and OLA1900, we observed that, there is another contribution near  -relaxation in 

higher frequency range which is not clear in 3D-images since its intensity and the range of 

temperature where it appears is small. This process could be considered as a secondary 

relaxation but it could also be attributed to Johary-Goldstein relaxation (    )
61,62. To be sure 

about this process we need more investigations. 

     Among glass-forming materials, the JG secondary relaxation is a universal feature of glass-

forming liquids and polymers63, and although it involves the motion of all atoms in the 

molecule or polymer repeat unit. Its limited amplitude results in faster dynamics than 

structural relaxation. This relaxation is an intermolecular secondary relaxation and is 

universally found in the amorphous states64. For some years now,    -relaxation is believed 

to be the precursor of the α-relaxation65. Figure3-18 show the slow  -relaxation (     ) of 

OLA2700 and OLA1900 at different temperatures (which could be attributed to    ). As is 

observed in Figure3-18      -relaxation is almost in the same temperature and frequency 

range with same intensity. 

 

Figure3-18 Frequency dependence of dielectric loss factor (in logarithm) of slow  -relaxation (     ) 

for OLA2700 and OLA1900 at different temperatures. 

 



 

 99  

 

9-1 Arrhenius behavior of secondary relaxations 

     The temperature dependence of the relaxation rate for secondary relaxations is shown in 

Figure3-19 and relaxation time values were obtained from fitting procedure using HN 

equations. Values obtained from fitting can be well described by Arrhenius law with 

following equation which was explained in Chapter1: 

                                                             (
 

    
)  

      

  
                                                     (3.14) 

Where,    is the relaxation time at infinite temperature,    is the activation energy that 

depends on the internal rotation barriers as well as on the environment of a moving 

molecular unit and   is gas constant (                 ).  

As we see cleary in Figure3-19 secondary processes of OLAs are match well torgether, but 

they are different in frequency and temperature compared to PDLLA. It seems that        of 

OLAs comes from the effect of hydroxyl and carboxyl group at the end chain of OLAs which is 

more dominant compared to PDLLA.  

 

Figure3-19 Inverse of dielectric relaxation time          for secondary relaxations as a function of 

the inverse temperature for PDLLA and OLAs with different molecular weight. Symbols are data 

obtained from DRS experiments and dashed lines represent fits by Arrhenius law. 

9-2 Activation energy 

     By fitting the temperature dependence of the relaxation rate for secondary relaxations 

with Arrhenius law (Eq.3.14), the activation energy (  ) is obtained. Typical values for    are 

in the range from 20-50 kJ/mol20,66. Values of activation energy for PDLLA (    41 kJ/mol, 

    48 kJ/mol) are close to values provided by the literature (36-46 kJ/mol)66. For OLAs 

there is no reference to compare the activation energies but in our case,    is almost the 

same for       (  35 kJ/mol) and       (  28 kJ/mol) relaxations (Figure3-20). In some 

oligomeric systems, the activation energy for  -relaxation depends on molecular weight48. If 

      relaxation could be attributed to    , according to the literature of polymers62,67, its 

activation energy should be much more (for ex.   80 kJ/mol). According to Figure3-19, we 
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observe that there is almost a superposition of the dielectric relaxation time for       (in 

OLA2700 and OLA1900) and    (in PDLLA), thus perhaps this relaxation is the same process 

with    relaxation of PDLLA or maybe    for      of oligomers is lower than polymers. 

However the precise interpretation needs much more investigations by more experimental 

techniques. 

 

Figure3-20 Activation energies for secondary relaxations as a function of molecular weight. Blue 

triangle symbols correspond to       relaxations for OLAs. Green triangle symbols correspond to 

      relaxations for OLA2700 and OLA1900. Purple and magenta triangle symbols correspond to    

and    relaxation for PDLLA respectively. 

9-3 Shape parameters    ,       

     Since the secondary relaxations come from local motions and they are symmetric, so the 

shape parameter       is equal 127. The shape parameter       obtained from HN fits for 

secondary processes versus temperature were plotted in Figure3-21 for each sample. As 

observed for OLAs, the variation of     for secondary relaxations is the same (higher than 

    of    and lower than     of    in PDLLA). 

 

Figure3-21 Variation of shape parameter     where       for secondary relaxations as a 

function of temperature obtained by HN fitting procedure for PDLLA and different OLAs. 

 

�̅�𝐖 
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Conclusion  

     In this work, the fictive temperature and fragility index have been estimated from Flash 

DSC experiments and compared to values obtained from MDSC and DRS for PDLLA and its 

oligomers (OLAs) with different molecular weight. We have evidenced that DRS, MDSC and 

Flash DSC data match well together (Figure3-11, Figure3-12). The temperature dependence 

of the cooling rate obtained by calorimetric data has been compared to the temperature 

dependence of the relaxation times obtained on approximately 8-decades from DRS. This 

comparison shows that the calculation of calorimetric fragility in order to be compared with 

dynamic fragility (      ) has to be done using a logarithmic shift on the cooling rate 

dependence of   . 

     Besides, from DRS and Flash DSC data we have observed that with increasing molecular 

weight the fragility index increases as well as the glass transition temperature (calorimetric 

and dynamic) which also matches with Fox-Flory law. However we can assume that by 

adding more samples with higher molecular weight than these OLAs maybe we will have 

three regimes for       behavior48. We have also used DRS to investigate and compare the 

relaxation processes of PDLLA and OLAs over a broad range of temperature and frequency. 

     The dielectric spectra of  -relaxation and normal mode shifts to higher temperature 

range with increasing molecular weight whereas this shift is less evident for secondary 

relaxation processes for OLAs. We observed also, shape parameters for  -relaxation are 

changing with molecular weight whereas for secondary relaxations they are almost the 

same. As expected the dielectric strength     increases on average with decreasing  ̅  and 

according to Eq.3.6 this value decreases with increasing temperature for each amorphous 

sample. Secondary relaxations of OLAs are completely different with PDLLA and are not the 

same in shape and also in temperature and frequency ranges. In amorphous OLAs one 

secondary relaxation appeared at the end side of  -relaxation (in higher frequencies) for 

OLA2700 and OLA1900 (in the same temperature range), whereas for amorphous PDLLA and 

OLA1400 it did not appear (maybe because of its small intensity and narrow temperature 

range). This relaxation process could be called Johary-Goldstein relaxation but compare to 

the literature62,67 its activation energy is relativity small (  35 kJ/mol) so we called it slow  -

relaxation (     ). Secondary relaxations of OLAs have almost the same activation energy 

(          28 kJ/mol,           35 kJ/mol) whereas for  -relaxation, activation energy 

increases with increasing molecular weight. For PDLLA there are two secondary relaxations 

which are very close together and their activation energies are different from OLAs (       

41 kJ/mol,        48 kJ/mol). All relaxation process for all samples are summarized in 

Figure3-22. 
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Figure3-22 Relaxation map of PDLLA and OLAs obtained by Dielectric Relaxation Spectroscopy (DRS). 
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Chapter4: Crystallization of OLA2700 investigated by 

Flash DSC and Dielectric Relaxation Spectroscopy 

(DRS) 
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    In this chapter, we study the molecular dynamics of crystallized oligomer of lactic acid 

with  ̅               (OLA2700) by using Flash DSC and Dielectric Relaxation 

Spectroscopy (DRS) in order to compare with amorphous one. Properties of amorphous 

component in this oligomer, depends on its crystalline structure, it means, the presence of 

crystals have influence on the molecular dynamics of the mobile amorphous fraction (MAF). 

As it was explained in Chapter1, in semi-crystalline polymers, the amorphous phase appears 

to be constrained by the crystalline lamellae. This constraint is the effect of both a 

geometrical confinement and a covalent coupling between the lamellae and the non-

crystalline regions through tie molecules. When this coupling is strong enough, a separate 

phase in nano-metric size can be created at the interface between the two phases1,2. This 

low mobility non-crystalline interphase is called rigid amorphous fraction (RAF)3 which is a 

part of the amorphous phase that is not involved in glass transition, so it is necessary to 

describe most of semi-crystalline polymers with a three-phase model instead of two-phase 

model. 

     In this work, Flash DSC and DRS techniques were used to monitor isothermal 

crystallization of OLA2700. By Flash DSC the variation of glass transition temperature, 

melting temperature, melting enthalpy, heat capacity step and degree of crystallinity were 

studied for different crystallization temperatures. By using DRS, the constrained  -process 

present in crystallized material corresponding to the segmental motions of the amorphous 

phase were compared to the  -process of the amorphous material. Besides, the comparison 

of the features of  -relaxations in semi-crystalline and amorphous sample were done. 

1-Flash DSC results 

     Flash DSC is used to attain unbiased information about the nature of crystalline phases 

generated before the measurement step, because any probable crystalline reorganization 

induced by the increasing temperature is strongly reduced4. Thus in this part, we study the 

crystallization of OLA2700 which is the oligomer of lactic acid by using Flash DSC at different 

crystallization temperatures (from 30°C to 80°C) and different crystallization times. This 

crystallization is called cold crystallization since the crystalline phase is generated during the 

heating from the glassy state. 

1-1 Crystallization protocol  

     In order to study crystallization of OLA2700, we need to use appropriate protocol in Flash 

DSC. In first step we melt OLA2700 at 180°C with heating rate 1500K/s, then we cool it with 

same rate until -80°C to have the amorphous sample, after that we go to desired 

crystallization temperature and leave the sample at this temperature for various times, then 

in order to see the effect of crystallization process we heat the sample (  =1500K/s) up to 

160°C (Figure4-1).  

 



 

 112  

 

 

Figure4-1 schematic procedure illustrating how the heat flow curves related to crystallized sample 

are obtained in Flash DSC.    and    are crystallization temperature and time respectively. 

1-2 Normalized heat flow of amorphous and semi-crystalline sample 

     In Figure4-2 we observe the normalized heat flow obtained for different crystallization 

temperatures and times. On these curves we can see two thermal phenomena: (i) an 

endothermic heat flow step characteristic of glass transition, (ii) an endothermic peak due to 

the melting of the crystalline phase present in the sample. Focusing on Figure4-2 shows 

clearly that for each crystallization temperature, the heat capacity step    (         ) 

decreases with increasing crystallization time. Besides the glass transition temperature (  ) 

goes to lower values with increasing crystallization time with respect to amorphous sample 

(Figure4-3), which is in contrary with poly lactic acid (PLA) and some polymers since their 

glass transition temperature increases with increasing crystallization time5–8. According to 

the literature, these observations can be associated to confinement effect6,9. The small 

overshot at glass transition is related to fast relaxation processes inside the material6. 
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Figure4-2 Flash DSC Normalized heat flow of amorphous and crystallized OLA2700 (from      °  

to   ° ) as a function of temperature upon heating for scanning rate   =1500K/s.  

 

Figure4-3 Decreasing of glass transition temperature     and         with increasing crystallization 

time at different crystallization temperature for oligomer of lactic acid with  ̅              . 

 

1-3 Variation of glass transition temperature     

     Figure4-4 shows the variation of    with crystallization time (   ) at different 

crystallization temperature (  ) from 30°C to 80°C for OLA2700 with respect to    of 

amorphous OLA2700. We see, this variation |    |  |               | increases with 

increasing crystallization time at each crystallization temperature till reach a plateau where 

    is constant and doesn’t change with crystallization time. Reduction of    with 

crystallization time is a consequence of a change in the relaxation environment which can be 

related to confinement effect. According to statement of Schick C.10 in most cases,  

calorimetry shows only a weak dependence of the glass transition temperature on 

confinement as long as the confining dimensions are above 10nm. Here the maximum value 
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of |   | which is related to maximum crystallized OLA2700 decreases with increasing 

crystallization temperature (Table4-1). We can say that, the influence of confinement at 

higher crystallization temperature is less (compared to crystallization at lower temperature). 

Different types of crystals were created in samples at deferent crystallization temperature 

and we observed the crystallization at 30°C is much slower than the crystallization at 80°C. 

 

   30°C 40°C 50°C 60°C 70°C 80°C 

|   |(°C) 10 9.6 9.4 8.1 6.4 4.5 

    Table4-1 Maximum values of |   | for different crystallization temperatures        for OLA2700. 

 

 

Figure4-4 Variation of glass transition temperature     (respect to    of amorphous) with 

crystalliization time       at different crystallization temperatures       for OLA2700. Dash lines are 

for following with eyes.  

1-4 Variation of heat capacity step     

     Heat capacity in the glass transition temperature is linked to fluctuations11, so in 

calorimetric curves only relaxation processes which are related to entropy fluctuations will 

be appeared. In general in calorimetric curves, the glass transition or the calorimetric  -

relaxation is observed whereas the secondary relaxation processes are not visible, since the 

glass transition has a much larger calorimetric signature compared to secondary relaxation 

processes12,13. In most studies on confinement effects on glass transition, they focus mostly 

on glass transition temperature, however calorimetry allows to determine other useful 

quantities such as the step height     (relaxation strength)10. This quantity is important 

since it counts the degree of freedom going from a relaxed to a frozen state on cooling 

through the glass transition, besides it is also directly related to sample properties and linked 

to stability and order14–16. 
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     As we see in Figure4-3 the endothermic step at        (  )           (  )                

decreases with increasing crystallization time respect to amorphous sample until reaching a 

plateau for     corresponding to the maximum of crystallinity. This reduction is attributed 

to a decrease of the quantity of amorphous phase in the material, that is to say a low 

content of amorphous phase constrained by a predominant crystallization phase5,6,17. 

   (  ) characterizes the different degree of disorder available between the liquid-like 

state and the glassy state, so the lower    (  ) shows the lower level of disorder18. 

     Figure4-5 shows the variation of     with crystallization time at different crystallization 

temperatures. Obviously, with increasing the crystallization temperature, the variation of 

|                 | decreases so the value of     for maximum crystallized sample 

increases due to the reduction of amount of crystals (or the crystallinity degree   ) through 

the sample which is related to the formation of different crystals in shape and size at 

different crystallization temperatures . Values of     for maximum crystallized sample and 

the variation of |                 | were summarized in Table4-2. 

 

   30°C 40°C 50°C 60°C 70°C 80°C 

   (J/g.K)[at    is maximum] 0.24 0.27 0.31 0.33 0.35 0.37 

|                 |(J/(g.K)) 0.31 0.28 0.24  0.22 0.2 0.18 

Table4-2 Values of      when the sample is maximum crystallized and variation of |   | (with 

respect to amorphous sample with                J/(g.K)) for different crystallization 

temperature. 

 

 

Figure4-5 Variation of (a)       (b)     (respect to    of amorphous) with crystallization time      

at different crystallization temperatures      from 30°C to 80°C for oligomer of lactic acid with 

 ̅              . Dash lines are for following with eyes. 
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Figure4-6 Variation of     of maximum crystallized OLA2700 as function of crystallization 

temperature. With increasing crystallization temperature       the     of maximum crystallized 

sample increases in quasi linear behavior. 

 

     Now, in order to determine the quantity of material relaxing at the glass transiton, the 

amorphous phase fraction     (which is called also mobile amorphous fraction     ) is 

calculated by following relation: 

 

                                                                              
   

   
°                                                         (4.1) 

 

Where,     is the heat capacity step at    for crystallized sample and    
°  for 100% 

amorphous one which was accurately measured by MT-DSC (   
°       J/(g.K)). The     

values for maximum crystallized sample at different crystallization temperatures from the 

glassy state are reported in Table4-3. As we see, since     increases with increasing 

crystallization temperature the amorphous fraction also increases. The     variation versus 

crystallization time is quasi sigmoidal for all crystallization temperatures (Figure4-7). 

 

   30°C 40°C 50°C 60°C 70°C 80°C 

   (%) 44 49 56 60 64 67 

Table4-3 Values of       for maximum crystallized OLA2700 at different crystallization temperatures. 
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Figure4-7 Mobile amorphous phase degree evolution (   ) as a function of crystallization time (  ) 

for OLA2700 at different crystallization temperatures. 

 

1-5 Melting temperature    and melting enthalpy     

     According to Figure4-2 when the crystallization temperature increases the endothermic 

peak related to the melting of the crystalline phase present in the sample shifts to higher 

temperature which can be related to the size and types of crystals with respect to the 

crystallization temperature by the Gibbs-Thomson law19,20. Figure4-8 shows that the melting 

temperature increases with increasing crystallization temperature       in linear behavior. 

 

Figure4-8 Variation of melting temperature (related to the peak value) as a function of crystallization 

temperature. 

     The melting enthalpy     can be calculated for different crystallization time at a specific 

crystallization temperature as shown in Figure4-9. The maximum value of     (when the 

maximum crystallization is reached) is reduced with increasing crystallization temperature 

(Figure4-10). 
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Figure4-9 (a) Variation of     with crystallization time at different crystallization temperatures. 

There is a clear reduction of variation in     with increasing crystallization temperature       (b) 

Variation of      respect to maximum value of melting enthalpy (when the maximum crystallization 

at different crystallization temperatures is reached). Dash lines are for following with eyes. 

 

Figure4-10 The maximum value of     for maximum crystallized sample as a function of 

crystallization temperature. 

 1-6 Two-phase and/or three-phase model  

In order to calculate the crystallinity degree    we use the following equation: 

                                                                                 
   

   
°                                                                (4.2) 

Where,     is the measured enthalpy of melting and    
°  is the melting enthalpy of a 

wholly crystalline material obtained approximately with Figure4-12     
°         . The    

values for maximum crystallized sample at different crystallization temperatures from the 

glassy state are reported in Table4-4. As we see, with increasing crystallization temperature 

the crystallinity degree decreases. The    variation versus time is quasi sigmoidal for all the 

crystallization temperatures. After an induction time,    drastically increases to reach a 

maximum value (Figure4-11).  

   30°C 40°C 50°C 60°C 70°C 80°C 

  (%) 41 40 39 37 34 31 
Table4-4 Values of      for maximum crystallized OLA2700 at different crystallization temperatures. 
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Figure4-11 Crystallinity degree evolution (  ) as a function of crystallization time (  ) for OLA2700 at 

different crystallization temperatures. 

     Evolution of     as a function of     for different crystallization temperatures from 30°C 

to 80°C for OLA2700 is shown in Figure4-12. We see approximately at     =30°C and     =40°C 

which are near glass transition’s region the behavior is not linear after certain values of     

(Figure4-12(a)), it seems the value     does not change drastically after certain values. It 

means that the reduction of     (without changing     ) is related to increase of the Rigid 

Amorphous Fraction (RAF) which is not involved in melting enthalpy21,22. According to 

Figure4-12(a) relaxation strength is smaller than expected from the fraction of the non-

crystalline phase.  Thus at these temperatures three-phase model can describe the 

crystallization phenomena. From     =50°C to    =80°C which are approaching to melting 

region the behavior is completely linear which can be described well by two-phase model 

(Figure4-12(b)). With linear fitting for   =50°C to     =80°C,     
  can be estimated 70 J/g ±1. 

 

Figure4-12 Evolution of     as a function of     for OLA2700 (a) for     =30°C and     =40°C (There 

is a deviation from linear line) (b) from    =50°C to     =80°C. 
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     According to values of     and     in Table4-3 and Table4-4, we see that from      °  

to   ° ,            , whereas for      °  and   °  the            . Thus 

for crystallized sample at      °  and   ° , we observe a deviation from two-phase 

model which is caused by the incomplete decoupling between the crystalline and 

amorphous phases leading to create a non-crystalline interphase with low mobility called 

rigid amorphous fraction (RAF).  In this three-phase model, a part of the amorphous phase 

does not participate to the glass transition. This part which describes the contribution of 

rigid amorphous fraction (RAF) must be taken into account as an additional element    in 

following relation: 

                                                                                                                                (4.3) 

     For crystallized OLA2700 from      °  up to   ° , the two-phase model is appropriate 

to describe the material but at      °  and   ° , the crystallization procedure affects the 

amorphous phase by transforming a part of mobile amorphous phase into a rigid amorphous 

one6,23. Values of rigid amorphous fraction were estimated by Eq.4.3, so for the maximum 

crystallized sample at 30°C and 40°C the RAF content is around 15% and 11% respectively. 

Several studies show the dependency of content of RAF on the chain mobility5,24–28, it means 

that the probability that the RAF develops in parallel with the crystalline growth is higher 

when the mobility is lower, so the higher degree of RAF is observed when the OLA2700 is 

crystallizing at lower temperatures. Figure4-13 shows the variation of mobile and rigid 

amorphous fraction with crystallinity degree for OLA2700 crystallized from 3 

0°C up to 80°C. As we see in Figure4-13(a), all data from      °  up to   °  are along the 

line         , whereas for      °  and   ° , data are really close to line up to 

           but after that the mobile amorphous fraction decreases drastically. In Figure4-

13(b), the rigid amorphous fraction (   ) remains very weak (0-5%) up to       , then 

increases strongly up to 15% of the material when the crystallization time increases. 

 

 

Figure4-13 (a) Variation of the mobile amorphous fraction as a function of crystallinity degree for 

OLA2700 crystallized at different temperatures and times. The line           is theoretically 

related to two-phase model. (b) Variation of the rigid amorphous fraction as a function of crystallinity 

degree for OLA2700 crystallized at different temperatures and times. 

(a) (b) 
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Figure4-14 shows the pure confinement effect induced by crystals, since the value of    

decreases with increasing crystallinity degree (or with decreasing mobile amorphous 

fraction). The reduction of      with confinement is extremely rare to observe after 

crystallization. Variation of    with respect to rigid amorphous fraction has been shown in 

Figure4-15. As we see the    decreases without changing rigid amorphous fraction ( 0-5%) 

for    from 50°C to 80°C whereas for    =30°C,40°C this reduction will be of significantly 

weaker importance with increasing rigid amorphous fraction (up to 15%) after certain value 

of crystallization time. 

 

 

Figure4-14 Variation of the glass transition temperature as a function of (a) crystallinity degree and 

(b) mobile amorphous fraction for OLA2700 crystallized at different temperatures and times.  

 

 

Figure4-15 Variation of the glass transition temperature as a function of rigid amorphous fraction for 

OLA2700 crystallized at different temperatures and times. 

 

(b) (a) 



 

 122  

 

2-Dielectric Relaxation Spectroscopy (DRS) results 

     As was mentioned previously, Dielectric Relaxation Spectroscopy (DRS) is a suitable 

technique to study the molecular dynamics of polymers29. The evolution of the dielectric  -

relaxation, related to dipolar fluctuations from segmental motions along the chain 

backbone, has been used as a probe for the change in the glass transition dynamics upon 

crystallization30,31. Depending on the type of polymer and crystallization conditions, loss 

peak position can be shifted to higher or lower frequencies during crystallization, however 

sometimes there is no change in the loss peak position30–32. In most of polymeric systems, 

the features of the  -relaxation were found to be similar for amorphous and semicrystalline 

systems, indicating that it is not influenced by the crystallization. In this section we are 

interested in to investigate the effect of crystallization on   and  -relaxations in OLA2700. 

 

2-1 Crystallization protocol  

     In this part, we will study the crystallization of an oligomer of lactic acid with  ̅ =2700 

g/mol by DRS at two different crystallization temperature (30°C and 80°C). For this purpose, 

first we put the sample in oven at 60°C in order to remove absorbed water for several hours. 

To crystallize at 30°C, we melt OLA2700 at 120°C in oven for several minutes on 

interdigitated electrodes (IE) of DRS, then we amorphize it by quenching with liquid nitrogen 

and put in oven at 30°C for several days to be sure it is fully crystallized. For crystallization at 

80°C, after melting OLA2700 at 120°C on interdigitated electrodes (IE) of DRS, in order to 

avoid crystallization at room temperature, we put directly very fast in oven at 80°C for 

several days to have fully crystallized sample. Crystallization at 30°C is a cold crystallization 

and at 80°C is a melt crystallization (since the crystalline phase is generated from the melt). 

Finally the wholly crystallized sample was refrigerated to -145°C, and dielectric spectra were 

collected in increasing steps from -145°C to 60°C in the frequency range     to       Hz. 

 

2-2 Dielectric relaxation in 3D curves 

     Figure4-16 shows dielectric relaxation maps of the imaginary part of permittivity (loss 

part) in 3D as a function of frequency and temperature for amorphous and crystallized 

OLA2700 at 30°C and 80°C. In lower temperature range (-145°C to 0°C) crystallized OLA2700 

shows two secondary relaxations. In higher temperature range the  -relaxation takes place, 

associated to the segmental relaxation. The conductivity phenomenon at higher 

temperature than dynamic glass transition temperature (  ) and lower frequency is also 

observed with large increment of  ′′ for all samples. In Figure4-16 some parts of conductivity 

region have been cut to see better the relaxation processes. 
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Figure4-16 Imaginary part of the complex dielectric permittivity  ′′ vs frequency and temperature (in 

logarithm). The main relaxation process (segmental relaxation) was indicated by  . Secondary 

relaxations were indicated by   for amorphous OLA2700 and   ,    for crystallized OLA2700 (    is 

faster than   ).  

2-3 Segmental relaxation ( -relaxation) 

     Figure4-17 shows the frequency dependence of log (ε′′) for amorphous and crystallized 

OLA2700 at different temperatures in α–relaxation range. In order to investigate the 

segmental relaxation phenomenon the isothermal dielectric loss spectra were fitted with a 

conductivity contribution and two Havriliak- Negami (HN) complex functions in the range of 

 –process. One HN complex function for normal-mode at lower frequencies than α–

relaxation (which was explained in more details in section4 of Chapter3) and another one for 

segmental relaxation. 

 

Figure4-17 Frequency dependence of dielectric loss factor ε" (in logarithm) of normal mode and α–

relaxation for amorphous and crystallized OLA2700 at different temperatures. 

     As we see in Figure4-18 the position of the loss peak of crystallized sample shifts to higher 

frequencies compare to amorphous one, this is in contrary with amorphous and crystallized 

Poly (lactic acid) in the work of Brás A. et al30, who observed the α–relaxation peak of 

crystallized PLLA at 80°C shifted to lower frequency for both melt and cold crystallization. 

The shifting for crystallized sample at 30°C is bigger than crystallized at 80°C. Thus, it is 

reasonable to assume that the relaxation kinetics of amorphous phase left after 

crystallization at 30°C is considerably faster than crystallization at 80°C due to the 

confinement effect induced by crystalline structure. 
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Figure4-18 Frequency dependence of dielectric loss factor ε" (in logarithm) at 16°C (      ) of 

normal mode and α–relaxation for amorphous and crystallized OLA2700. 

2-3-1 Fragility and glass transition  

     The fitting process of isothermal dielectric loss spectra by HN functions at each 

temperature in the range of segmental relaxation allows obtaining the relaxation map on 

this range. Figure-4-19 shows the inverse of relaxation time as a function of the inverse 

temperature for amorphous and crystallized OLA2700 in the temperature range close to the 

glass transition. As we see, α-relaxation process of crystallized sample occurs at lower 

temperature range compare to amorphous OLA2700, it means the glass transition 

temperature is lower in crystalline sample than amorphous one. Moreover we see that the 

   for the sample crystallized at 30°C is lower than the sample crystallized at 80°C, which can 

be related to the influence of confinement on amorphous part which is less at higher 

crystallization temperature (compare to crystallization at lower temperature). 

     The variation of    with respect to amorphous OLA2700 |   |, obtained by DRS for 

crystallized sample at 30°C is much more than the |   | obtained by Flash DSC, since the 

maximum degree of crystallinity is different depending on the crystallization conditions (for 

ex. in Flash DSC we used   50 ng of sample, whereas in DRS the amount of sample was in 

grams). On the other hands, it seems the crystallization time applied in Flash DSC was not 

enough to maximum crystallize sample, or maximum crystallinity depends on sample 

shape, dimension and mass.  

     As was explained in section5 of Chapter3, The experimental data in the range of the α-

relaxation can be fitted by a Vogel−Tamman−Fulcher (VFT) law. Usually the temperature 

dependence of the relaxation time for α-relaxation presents a non-Arrhenius behavior and is 

well described by VFT equation (Eq.3.7). The glass transition temperature (  ) can be 

estimated by extrapolating VFT fit to the common convention,  =100 or log(1/𝜏)=−2. By 

putting VFT parameters in Eq.3.8 and Eq.3.9,    and dynamic fragility index ( ) can be 

obtained (All VFT parameters from fitting were reported in Table4-5.). Similarly to the 

dynamic glass transition temperature, the dynamic fragility index is also sensitive to different 

microstructures. Fragility indexes for crystallized OLA2700 is smaller than amorphous one 

and, like   , for the sample crystallized at 30°C,   is lower than the sample crystallized at 
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80°C. The presence of crystals and subsequent organization of RAF, reduces the fragility 

index by approximately 44% for sample crystallized at 30°C. In semi-crystalline polymers, the 

discussion about the effect of the crystalline phase on the fragility index is still intense. Ngai 

et al.33 showed that for various polymers the fragility index of the mobile amorphous 

fraction (MAF) is unchanged compare to complete amorphous state, however some studies 

show the variation of fragility in semi-crystalline polymers which establish the existence of 

rigid amorphous phase (RAF)28. Napolitano and Wubbenhorst34 assumed that the effect of 

the amorphous phase confinement on the fragility index depends on the chain flexibility. 

Generally, till now, there is no law for variation of fragility index with the crystallization, it 

means that the fragility index depends on crystallization condition and also on considered 

polymer35–37. However it has been evidenced that the relaxation dynamics can be severely 

affected by the crystallinity degree caused from the confinement effect induced by the 

crystalline phase directly on RAF and also the subsequent confinement effect of the latter on 

the MAF37,38. 

 

Figure4-19 Logarithmic plot of inverse relaxation time (1/ max) for α-relaxation as a function of the 

inverse temperature for amorphous and crystallized OLA2700. Dashed lines represent VFT fits. 

OLA2700                         

Amorphous -14.98 8.66 217.5 265 95 

Crystallized at 30°C -20.94 40 138 241.5 53 

Crystallized at 80°C -15.22 11.65 201 260 76 

Table4-5 Fit parameters derived from VFT fits for amorphous and crystallized OLA2700.    

( =100) and fragility indexes from DRS were indicated. 

2-3-2 Shape parameters         

     In Figure4-20 the shape parameters obtained from HN fits (Eq.3.5) for the constrained  –

relaxation process versus temperature were plotted for fully amorphous and crystallized 

sample. What can be observed is that for both amorphous and crystallized OLA2700, 

   >    . The shape parameters are approximately in the same range for amorphous and 

crystallized sample. In fact the crystallization didn’t influence the shape of peak in  -

relaxation. 

𝛕  𝟏𝟎𝟎𝐬 
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Figure4-20 Variation of shape parameters for  –relaxation as a function of temperature obtained by 

HN fitting procedure for amorphous and crystallized OLA2700. 

 

2-3-3 Dielectric relaxation strength     

     By fitting the experimental data with the HN function (Eq.3.5), the dielectric strength     

is also obtained. The temperature dependence of the dielectric strength for  -relaxation 

     obtained from DRS experiment was demonstrated for amorphous and crystallized 

OLA2700 in Figure4-21. According to Eq.3.6,      is directly proportional to the number of 

dipoles relaxing in the amorphous phase and since the volume density of dipoles (N/V) 

decreases with crystallization, for crystallized OLA2700,     is much lower than amorphous 

one.      decreases slightly for both amorphous and crystallized sample with increasing 

temperature (Eq.3.6). According to work of Esposito A. et al.1, if we have RAF in crystallized 

sample,      increases with temperature. Thus here it seems, the confinement effect comes 

more from crystalline part so it means there is no RAF or no strong coupling between 

crystalline and amorphous phase. Therefore, we may relate the change in fragility essentially 

to the confinement by crystals. 

 

Figure4-21 Temperature dependence of the dielectric strength for  -relaxation     for amorphous 

and crystallized OLA2700. 
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2-3-4 Activation energy of  -relaxation 

     As was explained in section7 of Chapter3 the activation energy associated with the 

segmental relaxation can be calculated by Eq.3.13. For crystallized sample, the evolution of 

activation energy associated with the segmental relaxation is different from amorphous one. 

Figure4-22 shows that the activation energy      for crystallized sample at glass transition 

temperature (  ) is lower than amorphous one. Besides, the activation energy (    ) for the 

crystallized sample at lower crystallization temperature (30°C) is less than the activation 

energy (    ) for the sample crystallized at higher temperature (80°C) due to the 

confinement effect induced by crystals which is more dominant at lower crystallization 

temperature (30°C) and in consistence with the decrease of   . As discussed in previous 

section, there is a coupling between crystalline and amorphous phase in crystallized sample 

at 30°C which is low and leads to generate a separated phase called rigid amorphous fraction 

(RAF) but this RAF contain seems to have a negligible impact there. 

 

Figure4-22 Activation energy as a function of 
   

 
 calculated from DRS results for amorphous and 

crystallized OLA2700. 

2-4 Secondary relaxations  

     As it is clear in 3D curves (Figure4-16) there are two secondary relaxation when the 

sample is crystallized at 30°C and 80°C. According to results of Chapter3, for amorphous 

OLA2700 there are two secondary relaxations, one at low temperatures and high 

frequencies which is called      , another one which has low intensity, appears in small 

temperature range (223K to 248K), near  -relaxation which was considered as      . 

     According to Figure4-23, the secondary relaxations (  ) for crystalized OLA2700 

(crystallized at 30°C and 80°C) are approximately in same temperature and frequency range 

with same intensity and shape. Additionally, a superposition with the equivalent process 

detected in the amorphous sample which is        is observed.    relaxations for crystallized 

OLA2700 are also in same temperature and frequency range with almost the same shape 

and amplitude. These relaxations (  ) appear in wider temperature range than       of 

amorphous sample. The amplitude of    for crystallized OLA2700 is higher than       of 
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amorphous one. As was mentioned in Chapter3 (section8-1), this relaxation might be 

considered as a Johary-Goldstein relaxation (   ) which is an intermolecular secondary 

relaxation. 

 

 

 

Figure4-23 Frequency dependence of dielectric loss factor (in logarithm) of secondary relaxations for 

amorphous and crystallized OLA2700 at different temperatures. 
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2-4-1 Activation energy of secondary relaxations 

     The temperature dependence of the relaxation time for secondary relaxations is shown in 

Figure4-24 and relaxation time values were obtained from fitting procedure using HN 

equations. Values obtained from fitting can be well described by Arrhenius law with Eq.3.14 

in Chapter3. By using Eq.3.14 we can obtain activation energy (    ). 

 

Figure4-24 Inverse of dielectric relaxation time          for secondary relaxations as a function of 

the inverse temperature for amorphous and crystallized samples. Symbols were obtained from DRS 

experiments and red dashed lines represent fits by Arrhenius law. 

As it is clear on Figure4-24, for OLA2700 crystallized at 30°C and 80°C, secondary processes 

superposed with amorphous one with almost the same activation energy, it means that the 

crystallization has no effect on secondary relaxations, which is in good agreement with 

literature30. Values of activation energy for secondary relaxations were summarized in 

Table4-6. 

 

OLA2700 Amorhous  Crystallized at 30°C Crystallized at 80°C 

 
   (kJ/mol) 

 

 
 

  

Table4-6 Activation energy of secondary relaxations for amorphous and crystallized OLA2700. 

 

2-4-2 Shape parameters    ,       

     The shape parameter       obtained from HN fits for secondary processes versus 

temperature were plotted in Figure4-25 for amorphous and crystallized OLA2700. Since the 

secondary relaxations come from local motions and they are symmetric, so the shape 

parameter       is equal 129.  As is observed in Figure4-25, the variation of     for   -

relaxations (for crystallized OLA2700) and      -relaxation (for amorphous OLA2700) is 

almost the same. For   -relaxations the variation of     is the same for crystallized sample 

  β    : 28   

β    : 35   

β : 27   

 β : 47   β : 47   

β : 27   
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at different temperatures but it is a little higher than the variation of     for      -

relaxation in amorphous state. 

 

 

Figure4-25 Variation of shape parameter     where       for secondary relaxations as a 

function of temperature obtained by HN fitting procedure for amorphous and crystallized OLA2700. 
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Conclusion 

     In this work, the molecular dynamics of crystallized OLA2700 was investigated by using 

Flash DSC and DRS. We have evidenced that results obtained from both techniques almost 

match together. However the variation of    with respect to amorphous sample at 

     °  obtained by DRS is much bigger than obtained by Flash DSC which can be related 

to the crystallization conditions.  

     According to results, we observed that the glass transition temperature (  ), fragility 

index (m) and activation energy of segmental relaxation decreased with crystallization; this 

reduction is lower at higher crystallization temperature (  ). We can attribute this 

phenomenon to the geometric confinement induced by crystals which reduces the chain 

mobility. This confinement effect is more dominant at lower crystallization temperature. 

Thus in oligomers, contrary to bulk PDLLA, it is possible to have semi-crystalline samples 

which do not have rigid amorphous fraction (RAF) from classical quiescent crystallization 

conditions.  

     Additionally, in what concerns in secondary relaxations, these processes were not 

affected by crystallization, since their relaxation time, the activation energy, the shape 

parameters and the intensity of dielectric loss spectra are almost the same, which means 

that the confinement  induced by crystals has no effect on secondary processes.   
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Conclusion and perspectives    

     This research work was conducted to investigate the effect of molecular weight in 

amorphous samples and also the effect of different crystallization conditions on the 

dynamics of an oligomer of lactic acid, that has been compared with the dynamics of PLA, 

especially on glass transition temperature and fragility index. 

     According to results of Chapter3, the fictive temperature (associated to glass transition 

temperature) and fragility index decreased with the reduction of molecular weight and 

match well with Fox-Flory law. However, it seems that considering more samples with higher 

molecular weight than these OLAs, it is more probable to have three regimes for variation of 

glass transition with molecular weight       behavior instead of two regimes. We should 

also determine, whether these three regimes are also apparent when investigating other 

parameters such as fragility. Besides, in following work, we could carry DRS measurements 

under pressure to see whether the reducing the chain length reduces the volume engaged in 

the  -relaxation. Doing DRS measurements under pressure give access to an isochoric 

fragility which differs from the fragility calculated under isobaric conditions. Some authors 

have proposed that there are two components of fragility: thermal and volumic. The thermal 

one being the isochoric fragility, and the volumic one giving access to the volume engaged in 

the relaxation process, being proportional to the Cooperative rearranging Region (CRR) size. 

     Besides, we deduced that the results estimated from Flash DSC, MT-DSC and DRS 

experiments matched well together. The comparison between the temperature dependence 

of the cooling rate obtained by calorimetric data and the temperature dependence of the 

relaxation times obtained from DRS shows that the calculation of calorimetric fragility in 

order to be compared with dynamic fragility (      ) has to be done using a logarithmic 

shift on the cooling rate dependence of   . According to our results the    and the fragility 

index reduced with decreasing molecular weight. We can observe that there is some 

similarities with free surface effect which is often described as the free confinement.  

     In the following, we evidenced secondary relaxations of OLAs (observed from DRS) are 

completely different with PDLLA in shape, temperature and frequency ranges, whereas in 

amorphous OLAs the reduction of molecular weight had no effect on the fast secondary 

relaxation (     ) appearing in higher frequencies. We observed the shape parameters for  - 

relaxation is changing with molecular weight whereas for secondary relaxations it is almost 

the same. The dielectric strength (   ) associated to for  - relaxation increases on average 

with decreasing molecular weight and this value decreases with increasing temperature for 

each amorphous sample. Besides the activation energy associated to  -relaxation decreases 

with decreasing molecular weight. 

     We studied also the crystallization behavior for OLA2700 at different crystallization 

temperatures and annealing times in Chapter4, in order to see the evolution of glass 

transition and melting temperature during the crystallization and obtain the crystallinity 

degree. The molecular dynamics of crystallized OLA2700 was investigated by using Flash DSC 

and DRS. Results obtained from both techniques almost match together. We observed the 

geometric confinement induced by crystals reduces the glass transition temperature, 
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fragility index and activation energy associated to  -relaxation. This reduction is more 

dominant at lower crystallization temperatures. According to our results, compared to the 

bulk PDLLA the Rigid Amorphous Fraction (RAF) is very small. At lower crystallization 

temperatures (which are near to the glass transition temperature) after a very long 

crystallization time the RAF reaches up to 15% and at higher crystallization temperatures 

(near to the melting temperature) the RAF is between 0-5%. Thus, in perspective, it will be 

interesting if we ask is there any connection between the aptitude of the system to form RAF 

and the existence of the three regimes in the    versus molecular weight curve? Generally in 

this work we could create crystals in our system with a very small amount of RAF compare to 

other polymers. Thus we could observe the effect of crystals in molecular dynamics 

separately without the disturbance of RAF. 

     Furthermore, we observed the secondary relaxations of crystallized OLA2700 were not 

affected by different crystallization temperatures.  

     With regard to polymer science, various investigations have been done to characterize 

the molecular mobility as a function of time and temperature at different scales. To go 

further in following researches, in order to investigate the α-relaxation at the minimum scale 

(from one to ten repeating monomer units), several simulation techniques can be done. 

Density Functional Theory (DFT) offers the opportunity to describe the motions occurring at 

the very fast scale and provides dataset that could be implemented in molecular dynamics 

approach to be able describing the molecular motions occurring at significantly slower scale 

(such as the α-relaxation).  
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Abbreviations List 

  : Molecular weight                                                     DRS: Dielectric Relaxation Spectroscopy 

 ̅ : Number average molecular weight                        DSC: Differential Scanning Calorimetry 

 ̅ : Weight-average molecular weight                        MT-DSC : Modulated Temperature DSC 

   : Calibration factor                                                      FSC : Fast Scanning Calorimetry 

  : Ohmic conduction                                                TGA: ThermoGravimetric Analysis 

     : Complex impedance                                                : Configurational entropy 

     : Electrical conductivity                                         VFT: Vogel-Fulcher-Tammann 

     : Electrical resistivity                                                  ′   : Real part of the permittivity 

     : Electrical modulus                                                ′′   : Imaginary part of the permittivity 

  : Energy barrier                                                                  : Excess entropy 

  : Glass transition temperature                                        : Cooling rate                                                                                                      

  : Fictive temperature                                                        : Heating rate                                                                                                      

  
′: Limiting fictive temperature                                         : Activation energy 

  : Dynamic glass transition temperature                       : Characteristic length of  -relaxation 

  : Melting temperature                                                   : Strength parameter 

  : Kauzmann’s temperature                                                : Secondary processes 

  : Crystallization temperature                                         : Segmental relaxation 

  : Vogel temperature                                                      OLA : Oligomer of Lacric Acid 

   : Aging temperature                                                      : Cooperative length 

  : Crystallization time                                                        : Viscosity 

𝜏: Relaxation time                                                                 : Free volume 

𝜏 : Debye relaxation time                                                    :  Static thermal lag 

𝜏  : Cole/Cole relaxation time                                            :  Dynamics thermal lag 

𝜏  : Cole/Davidson relaxation time                                R: Gas constant 

𝜏 : Relaxation time at infinite temperatu                         : Johary-Goldstein relaxation 

𝜏 : Relaxation time of  -relaxation                                      : Fast secondary relaxation 

  : Boltzmann constant                                                         : Slow secondary relaxation 

 



 

 140  

 

   : Cooperative rearranging region                             : Fragility index 

   : Heat capacity step at a constant pressure             : Avogadro number     

  : Heat capacity at a constant pressure                        : Density                                                                                            

    : Heat capacity of the glass                                          : Activation volume 

    : Heat capacity of the liquid                                           : Stretch exponent 

  : coefficient of thermal expansion                               : Complex dielectric permittivity 

𝜅: Compressibility                                                                : Cooperative volume at  -relaxation 

RAF: Rigid Amorphous Fraction                                         : Number of structural units in                                                                                                    

MAF: Rigid Amorphous Fraction                                     an average CRR         

CRF: Crystalline Rigid Fraction                                           : Shape parameter describing the 
                                                                                               
 : Angular frequency                                                       symmetric broadening factors of the 

PLA: Poly (lactic acid)                                                        dielectric spectra                                              

   : Root mean square end-to-end distance                 : Shape parameter describing the 
                                                                                                 
    : Electric field                                                            asymmetric broadening factors of the 

  : Kirkwood correlation factor                                     dielectric spectra                                                                                                                             

  
    : Complex capacity of the electrode                     : Amorphous phase fraction 

  
    : Complex permittivity of the sample                     : Rigid amorphous fraction 

   
    : Complex permittivity of the substrate              : Crystallinity degree 

  : Dielectric relaxation strength                                      : Melting enthalpy 

 A: Modulation amplitude                                                   
° : Melting enthalpy of a wholly                                      

  :Time-correlation function                                            crystalline material 

  : Dielectric permittivity at high frequency               P: Period of oscillation 

 limit                                                                                     : Scanning rate 

  :Dielectric permittivity of vacuum                              q: Heating rate 

    : Activation energy associated to the                     : Thermodynamic fragility 

  -relaxation                                   
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Résumé 

     Ce travail s'est concentré sur deux façons d'influencer les dynamiques moléculaires. Une 

façon était la modification de l'interaction intermoléculaire en réduisant la masse 

moléculaire moyenne en poids et une autre était la création de confinement par des cristaux 

dans un oligomère d'acide lactique. Ces voies ont conduit à diminuer la température de 

transition vitreuse, la fragilité et les énergies d'activation (associées à la transition vitreuse). 

Dans un oligomère d'acide lactique nous avons réussi à former des cristaux avec une très 

petite quantité de fraction amorphe rigide (RAF) ce qui nous a donné l'occasion d'observer 

l'effet de confinement pur induit par les cristaux en mobilité moléculaire (sans perturbation 

causée par la RAF).  

     Les dynamiques de la relaxation moléculaire en phase amorphe libre ou confinée par la 

phase cristalline, aussi bien localisées que coopératives, ont été étudiées sur une large 

gamme de fréquences et de températures, selon les approches typiquement utilisées pour 

étudier les liquides formateurs de verre.  

     Dans ce travail, plusieurs techniques expérimentales ont été utilisées: calorimétrie 

différentielle à balayage (DSC), calorimétrie à balayage différentiel avec modulation de 

température (MT-DSC), calorimétrie à balayage rapide (FSC) et spectroscopie de relaxation 

diélectrique (DRS).  

Mots clés: dynamiques moléculaires, masse molaire, oligomères d'acide lactique, 

cristallisation, fraction amorphe rigide (RAF), confinement. 

 

Abstract 

     This work focused on two ways to impact the molecular dynamics. One way was the 

changing intermolecular interaction by reduction the weight-average molecular weight ( ̅ ) 

and another way was the creation confinement by crystals in an oligomer of lactic acid. 

These ways led to decrease the glass transition temperature, fragility and activation energies 

(associated to glass tansition). In an oligomer of lactic acid we succeeded to form crystals 

with a very small amount of Rigid amorphous Fraction (RAF) which gave us an opportunity to 

observe the pure confinement effect induced by crystals in molecular mobility (without 

disturbance of RAF). 

      The dynamics of molecular relaxation in the amorphous and crystalline phase, for both 

localized and cooperative, have been studied over a wide range of frequencies and 

temperatures, according to approaches typically used to study glass-forming liquids. 

     In this work, several experimental techniques have been used: Differential Scanning 

Calorimetry (DSC), Modulate-Temperature Differential Scanning Calorimetry (MT-DSC), Fast 

Scannig Calorimetry (FSC) anf dielectric relaxation spectroscopy (DRS). 

Keywords: molecular dynamics, molecular weight, oligomers of lactic acid, crystallization, 

Rigid Amorphous Fraction (RAF), confinement. 
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