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Abstract

The study of the sub Tg relaxation in a semi-rigid polymer family for which the size of the lateral chain varies from one carbon to three

carbon atoms have been performed. We used an entropic model proposed by Hutchinson et al. [Macromolecules 33 (2000) 5252] introducing

a new parameter xs called the entropic non-linearity parameter. For our samples we found xs ¼ 0:45 ^ 0:05: On comparison with the data

obtained on other linear polymers, we have shown that the rigidity of the main chain involves an increase in the entropic non-linearity

parameter xs: Furthermore, we have shown, by using the fragility concept, that this new entropic model is conceptually equivalent to the

Random Walk Model proposed by Arkhipov et al. [J. Non-Cryst. Solids 172 (1994) 396; J. Phys. Chem. 98 (1994) 662]. q 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Cooling a liquid with a rate high enough to avoid

crystallisation leads into the supercooled regime where the

viscosity increases drastically as the temperature decreases.

At a given temperature, or more precisely in a certain

temperature range, almost all supercooled liquids can

undergo a transition into a ‘frozen-in’ thermodynamical

non-equilibrium state called a glass. This transition

(kinetically controlled) is termed glass transition and the

corresponding temperature is the glass transition tempera-

ture. The glass is characterised by an excess of free volume,

an excess of enthalpy, and an excess of entropy, when

comparison is made with the thermodynamic equilibrium

state. As a direct consequence, a glass kept at T , Tg looses

its excess of entropy by molecular relaxation to reach the

thermodynamic equilibrium state. This process is generally

called structural relaxation or physical ageing [1] and may

be illustrated using the entropic diagram displayed in Fig.

1a. In the same way, physical ageing interpreted in terms of

enthalpy loss leads to the diagram presented as Fig. 1b.

After an infinite ageing duration performed on a glass

maintained at a temperature Ta , Tg; but closed to Tg; the

expected enthalpy loss DH1 can be estimated by means of

the following relationship

DH1 ¼ ðCpl
2 Cpg

ÞðTg 2 TaÞ ð1Þ

where Cpl
and Cpg

are the specific heat capacity of the

equilibrium liquid and of the glass, respectively. Never-

theless, some experimental results show that the variations

of enthalpy found after infinite ageing are lower than

expected [2,3].

From an alternative method, using the Gibbs entropic

model, Gomez Ribelles et al. [3,4] have found that the

experimental curves obtained on samples of different

thermal histories including physical ageing can be correctly

fitted if a new term is introduced. This new term indicates

that the amount of entropy loss observed after an infinite

ageing is also lower than expected (Fig. 1c).

More recently, Hutchinson et al. [5] have introduced

temperature dependencies for the entropy in the glassy state

from the Adam–Gibbs equation relative to the non-

equilibrium glassy state. The model assumes that only a

certain fraction of either flexed bonds and/or vacant lattice

sites (holes) are frozen-in at the glass transition. This

temperature dependence for the entropy, shown by Fig. 1d,

leads to an entropic non-linearity parameter xs defined by:

ScðT ;TfÞ ¼ xsScðTÞ þ ð1 2 xsÞScðTfÞ ð2Þ

Thus, the entropy ScðT ;TfÞ can be broken down into two

different contributions, one represents the temperature
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contribution ScðTÞ; and the second represents the structure

contribution ScðTfÞ: As shown in Fig. 1d, the entropic non-

linearity parameter xs is defined by:

xs ¼
b

a þ b
ð3Þ

If xs is equal to 0, this model supposes that the liquid at Tg is

completely frozen-in. If xs is different from 0, this supposes

that the liquid is only partially frozen-in. Furthermore, the

parameter xs is found to be linked to the non-linearity

parameter x ð0 # x # 1Þ defining the relative contributions

of temperature and structure to the relaxation time given by

the so-called Tool–Narayanaswamy–Moynihan equation

(TNM) [6–8]

t ¼ t0exp
xDhp

RT

� �
exp

ð1 2 xÞDhp

RTf

� �
ð4Þ

where Tf is a fictive temperature characterising the structure

of the glass and Dhp is the apparent activation energy. The

relationship linking xs to x is

1 2 xs ø ð1 2 xÞ 1 þ lnðTf =T2Þb c ð5Þ

where T2 is the Gibbs–DiMarzio temperature [9], equival-

ent to the Kauzmann temperature Tk: For instance, the value

of this temperature can be obtained by fitting the variations

of the viscosity versus temperature in the liquid state with

the Vogel–Tamman–Fulcher (VTF) equation [10–12]

h ¼ h0 exp
B

T 2 T2

� �
ð6Þ

where B is the activation energy, h0 is the viscosity at

infinite temperature.

In the following, using this approach we propose to

analyse the results obtained from a family of liquid

crystalline polymers with different lengths of the side

chain. These polymers may be considered as semi-rigid

polymers. From an experimental point of view, the different

parameters that we have to determine can be obtained by

calorimetric investigations. These materials exhibit the

advantages that are [13] (i) a relative broad glass transition

in temperature domain; (ii) a large endothermic peak

characterising the enthalpy loss obtained after ageing; (iii)

a high enough value for the DCp jump at Tg: All these

advantages drastically decrease the measurements

uncertainties.

2. Experimental

2.1. Materials

The linear polymers studied in this work were syn-

thesised in the Department of Physical Chemistry, Gerhard

Mercator University, Duisburg. More information concern-

ing the synthesis and the characterisation are given in Refs.

[14–17]. The chemical formula is given in Fig. 2. The first

sample is a poly[oxy(propane-1,3-diyl)carboxylbisphenyl-

4,40dicarbonyl] abbreviated DP0.0, and the other samples

are poly[oxy(2,2dialkylpropane-1,3-diyl)carboxylbisphe-

nyl-4,40dicarbonyl] abbreviated DP1.1, DP1.2 and DP1.3,

where the numbers indicate the number of carbons of the

side chain attached to the tertiary carbon of the propyl

Fig. 1. Ta: the ageing temperature; Tg : the glass transition temperature; T2 :

the Kauzmann temperature. (a) Variations of the entropy after an infinite

ageing time t1; (b) theoretical variations of the enthalpy after t1; (c)

schematic variations of the entropy after t1 according to the model of

Gomez Ribelles et al.; (d) schematic variations of the entropy after t1
according to the model of Hutchinson et al., and the definition of the

parameter xs:

Fig. 2. Chemical formula of DP0.0, DP1.1, DP1.2 and DP1.3 samples.
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spacer. A simple study by X-ray diffraction allows to affirm

that the DP1.1, DP1.2 and DP1.3 samples show a clearly

amorphous character, while the DP0.0 sample is highly

crystalline. For these reasons, only DP1.1, DP1.2 and DP1.3

will be studied in this work. The different spectra are given

in Fig. 3.

2.2. Thermal analysis

Differential scanning calorimetry (DSC) was performed

with a Perkin–Elmer Series 7 calorimeter. Experiments

were carried out under a nitrogen flow at a heating rate of

20 K/min. The calorimeter was calibrated with regard to

temperature and energy with Indium and Zinc. Finally, to

limit the statistical data scattering, all thermal cycles were

made in situ with the same sample. We may notice that the

value of DCpðTgÞ obtained for the first thermal cycle is the

same than for the last one. As this quantity is very sensitive

to the degree of crystallinity, this proves that no crystal-

lisation occurs during our experimental procedure for all the

studied samples.

All parameters defined in relationship (4) can be

determined from DSC experiments using the peak-shift

method [18,19] to evaluate the non-linearity parameter x;

and using the Moynihan method [8] to determine the fictive

temperature Tf and the apparent activation energy Dhp:

The peak-shift method has been applied successfully to

other polymers [20–22] and inorganic glasses [23,24]. This

method is based on the displacement toward higher

temperatures of the endothermic peak associated with the

structural relaxation at the glass transition, when samples

are subjected to various ageing times ðtaÞ at a constant

ageing temperature ðTaÞ: All details of this method are

specified in Refs. [18,19]. After the study of the dependence

of the fictive temperature Tf on the cooling rate q2 in

intrinsic cycles, the apparent activation energy Dhp is

Fig. 3. Spectra obtained by X-ray diffraction. From buttom to top: DP1.3,

DP1.2, DP1.1 and DP0.0.

Fig. 4. DP1.2: DSC curves obtained after various annealing times. The

ageing temperature is Ta ¼ Tg 2 15 K, the heating rate is qþ ¼ 20 K/min.

Fig. 5. (a) Variations of the enthalpy loss dH versus the ageing time for the

three samples; (b) variations of the temperature Tp versus the ageing time

for the three samples.
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obtained according to the following equation [8]:

dðlnlq2lÞ
dð1=TfÞ

¼
2Dhp

R
ð7Þ

2.3. Viscosity measurements

Complex viscosity was measured on a Paar Physica

UDS200 between 0.1 and 100 rad/s at temperatures ranging

from 423 to 473 K. A parallel plate configuration and an

angular strain of 1% were determined to be well within the

linear viscoelastic region in preliminary testing. Measure-

ments were performed at the University of North Texas

(Denton, Department of Materials Science).

3. Results

Fig. 4 shows the glass transition observed by DSC and

obtained for the DP1.2 sample as an example, annealed at

Tg 2 15 K for ageing times ta as indicated. These exper-

imental data allow the determination of the non-linearity

parameter x: First, we can say that the DP1.2 sample shows a

classical behaviour: the longer the ageing time, the more

intensive the endothermic relaxation peak (involving a

higher enthalpy loss), and the higher the temperature Tp:

This temperature corresponds to the maximum of the

relaxation endothermic peak at the glass transition. For the

samples DP1.1 and DP1.3, we have observed exactly

the same phenomena. We specify that the ageing duration

varies from 1 to 283 h for sample DP1.1 and from 1 to 134 h

for sample DP1.3. According to the peak shift method, the

variations of the enthalpy loss ðdHÞ and the endothermic

peak temperature Tp with the ageing time ta (Fig. 5) lead to

the values of the non-linearity parameter x reported in Table

1. For the three samples, practically the same value x ¼

0:55 ^ 0:05 is found.

Fig. 6 shows the DSC curves obtained at a constant

heating rate qþ ¼ 20 K/min for sample DP1.1, successively

cooled at the indicated cooling rate q2: These experimental

data can be used to determine the apparent activation energy

Dhp: We observed that the endothermic peak, produced at

the glass transition and characteristic of the relaxation

phenomenon, increases with decreasing cooling rate. For

the DP1.2 and DP1.3 samples, we have made the same

observations [13]. The fictive temperature Tf was evaluated

for each curve according to the Moynihan method [8] and

the dependence of reciprocal Tf on lnlq2l is shown in Fig. 7

for the three samples. In Table 1, we have reported the

values of the apparent activation energy and the values of

the glass transition temperature Tg determined for

qþ ¼ q2 ¼ 20 K/min. For samples DP1.1, DP1.2 and

DP1.3, we find, respectively, Tg ¼ 373:9 K and

Dhp ¼ 745 ^ 79 kJ/mol, Tg ¼ 372:2 K and Dhp ¼ 771

^79 kJ/mol, Tg ¼ 367:8 K and Dhp ¼ 898 ^ 38 kJ/mol.

We observe that when the length of the lateral chain

Table 1

Structural relaxation and VTF fit parameters for the DP1.i samples

DP1.1 DP1.2 DP1.3

Tg (K); qþ ¼ q2 ¼ 20 K/min 373.9 372.2 367.8

Dhp (kJ/mol) 745 ^ 79 771 ^ 79 898 ^ 38

Fragility index, m 104 ^ 11 108 ^ 11 122 ^ 5

x 0.55 ^ 0.05 0.53 ^ 0.05 0.54 ^ 0.05

Glass fragility index, mg 57 ^ 11 57 ^ 11 66 ^ 5

xs 0.45 ^ 0.05 0.43 ^ 0.05 0.48 ^ 0.05

T2 (K) 301.8 299 321.6

B (K) 1572 1610 1035

h0 (Pa s) 0.17 4.1 £ 1023 0.41

Tg 2 T2 (K) 72.1 73.2 46.2

Fig. 6. DP1.1: DSC curves obtained with a heating rate qþ ¼ 20 K/min

after various cooling rate.

Fig. 7. Determination of Dhp : variations of ln q2 with 1000=Tf for DP1.i

samples.
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increases, the apparent activation energy increases whereas

the glass transition temperature decreases.

In order to determine the entropic non-linearity par-

ameter xs; we have to know the value of the Gibbs–

DiMarzio temperature T2: Fig. 8 shows the variation of the

viscosity on a logarithmic scale versus temperature for the

three samples. The plots correspond to the experimental

measurements and the full lines correspond to the VTF law

fitting for each series of experimental data. For DP1.2 and

DP1.3 samples, we obtain a very good fit but for the DP1.1

sample a breaking appears at approximately 440 K (dashed

line in Fig. 8). This phenomenon can be explained by a

smectic transition, which begins around this temperature

[25]. To determine the VTF law parameters in this case, we

have only used the experimental points determined at

temperatures lower than 440 K. All VTF fit parameters are

reported in Table 1. For this work, the most important VTF

parameter is the Gibbs–DiMarzio temperature T2; and a

means to judge the quality of the evaluated values is to

calculate the difference ðTg 2 T2Þ: In our case, we find

72.1 K for DP1.1, 73.2 K for DP1.2 and 46.2 K for DP1.3.

These differences are reasonable considering the reported

results for viscoelastic or dielectric relaxation times in the

main relaxation process [26]. Having the values of the

fictive temperature Tf ; the non-linearity parameter x and

the Gibbs–DiMarzio temperature T2; we can estimate the

value of the xs parameter from Eq. (5). According to the

standard deviation of the xs values, we can conclude that

there is no change for the DP1.i samples when the carbon

number varies from 1 to 3 in the lateral chain: xs ø
0:45 ^ 0:05 for the three samples.

4. Discussion

The first parameter discussed is the glass transition

temperature Tg: We have found for DP1.i samples that the

value of the glass transition temperature decreases slowly

when the length of the lateral chain increases. Fig. 9 shows

the decrease in the glass transition temperature with

increasing length of the side chain for two other linear

polymeric systems [27,28]. Indeed, if the rigidity of the

lateral chain is important, they behave as spacers. Thus, an

increase in their size involves a strong decrease of the

interchain interactions so that the glass transition tempera-

ture decreases.

Concerning the value of the non-linearity parameter x;

we have found no dependence on the length of the lateral

chain for our three samples. According to Eq. (4), the value

of x ¼ 0:55 ^ 0:05 means that basically the temperature

effects and the structural effects influence the relaxation

process practically in the same way. Since different

experimental conditions can lead to different x values for

the same material, we have voluntarily limited the

comparison of our data to others obtained on poly(a-n-

alkyl)acrylates in the same experimental conditions [20].

The data are reported in Table 2. x varies from 0.3 to 0.6 as

expected for the major part of linear polymers [29]. For the

poly(a-n-alkyl)acrylates, the value of x changes when the

number of carbon atoms on the lateral chain is greater than

three. This threshold separating two distinct types of

behaviour was observed for this linear polymer class with

respect to many properties [2,20,30]. For less than five

methylene groups in the lateral chain, the value of the non-

linearity parameter x is equal to 0.30 ^ 0.04. This value is

smaller compared with the value found for the DP1.i

samples at equivalent lateral chain length ðx ¼ 0:55 ^

0:05Þ: In terms of molecular interactions, it was shown that,

when experiments are performed in the same way on a large

Fig. 8. Variations of the viscosity versus temperature for the three samples:

(X) DP1.1; (A) DP1.2; (O) DP1.3. The full lines represent the VTF type fits

and the dashed line represents the smectic behaviour range for the DP1.1

sample.

Fig. 9. Variations of the glass transition temperature versus the number of

carbon atoms in the lateral chain for three family samples: our samples

called DP1.i (A) the poly(a-n-alkyl)acrylates called Ci (X) [27] and the

polymethacrylates n-alkyl (K) called C0i [28].
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diversity of materials for which structural parameters are

well identified, greater intermolecular forces result in lower

x values [29,31]. This means that the molecular interactions

are more important for the relaxation process of poly(a-n-

alkyl)acrylates compared with the corresponding DP1.i

samples. This conclusion is coherent in regard to the chemical

structure of the molecules engaged into the macromolecular

edifice. These results also show that the sensitivity of the non-

linearity parameter x to change with structural modifications is

relatively small. Thus, no strong correlation between x and

structural parameters is evident.

Fig. 5 shows that the enthalpy loss decreases with

increasing lateral chain length from one carbon to three

carbon atoms after equivalent annealing. As the value of the

differential heat capacity at the glass transition is the same

for all three DP1.i samples ðDCpðTgÞ ¼ 0:21 ^ 0:02 J/K g

[13]), this means that our three samples exhibit the same

thermodynamic imbalance but under the same ageing

conditions, the structural relaxation kinetics are faster for

DP1.1 sample than for DP1.2 and DP1.3 samples.

As previously mentioned, the calculation of the entropic

non-linearity parameter xs requires the knowledge of the

Gibbs–DiMarzio temperature T2: From the data reported in

Table 1 and according to relationship (5), we have

determined xs for our samples and we have found a constant

value for the three samples xs ¼ 0:45 ^ 0:05: In the same

way, we have determined xs for the poly(a-n-alkyl)acrylates

and the values are reported in Table 2. The evolution of the

entropic non-linearity parameter xs versus the length of the

lateral chain is shown in Fig. 10. For the poly(a-n-

alkyl)acrylates we observe an increase in the xs parameter

as the length of the lateral chain increases: xs values vary

from 0:29 ^ 0:04 to 0:51 ^ 0:06: The entropy excess at the

glass transition decreases with increasing lateral chain

length. According to this model, an increasing of the value

of xs implies that the intermolecular interactions increase

when the length of the lateral chain increases, and that the

contribution of vacant lattice sites (holes) is more important

than the contribution of flexed bonds during the structural

relaxation process. Now, if we compare the two polymer

types at equivalent lateral chain length (from one carbon to

three carbons), the rigidity of the main chain involves an

increasing entropic non-linearity parameter xs; ð0:3 ! 0:45Þ;

and consequently, a decreasing excess entropy when the

glass is formed. Furthermore, we can observe that the effects

of the main chain rigidity on xs can be compensated by the

effects of the lateral chain length. Indeed, for the poly(a-n-

alkyl)acrylates, we found xs ¼ 0:45 ^ 0:05 when the length

is greater than three carbons, and this value corresponds to

those obtained for the DP1.i samples.

In fact, this entropic model proposed by Hutchinson et al.

[5] can be linked to the random walk model (RWM)

Table 2

Structural relaxation parameters for the poly(a-n-alkyl)acrylates

C1 C3 C5 C8

Tg (K) 380 331 299 275

Dhp (kJ/mol) 873 ^ 75 856 ^ 75 524 ^ 66 391 ^ 75

Fragility index, m 120 ^ 11 135 ^ 13 92 ^ 13 75 ^ 15

x 0.37 ^ 0.04 0.35 ^ 0.03 0.52 ^ 0.06 0.58 ^ 0.06

Glass fragility index, mg 44 ^ 11 47 ^ 13 48 ^ 13 43 ^ 15

T2 (K) 325 291 255 222

Tg 2 T2 (K) 55 40 44 53

xs 0.29 ^ 0.04 0.28 ^ 0.03 0.45 ^ 0.06 0.51 ^ 0.06

Fig. 10. Evolution of the parameter xs versus the length of the lateral chain

for our samples called DP1.i (X), and for the poly(a-n-alkyl)acrylates

called Ci (K).

Fig. 11. Energetic distributions of metastable states for (a) weakly bonded

(fragile) and (b) strongly bonded (strong) liquids.
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proposed by Arkhipov et al. [32,33]. The RWM model

assumes the existence of two types of excitations in viscous

liquids: elastic excitations, which do not contribute to

viscous flow, and inelastic excitations involving strong

interactions between the molecules in viscous liquids. A

transition from one configuration to another may be

considered as a jump of a structural unit from one site to

another in a highly complex energy landscape. Fig. 11a and

b show the density of possible metastable states (DPMS) for

two kinds of liquid. In weakly interacting liquids, there is no

energy gap separating the ‘fluid level’ from metastable

states (Fig. 11a). The fluid level states allow for transports of

structural units in configurational space without further

activation. For strongly interacting liquids the DPMS is

lower and the fluid level is separated from metastable states

by a broad energy gap (Fig. 11b). This energy gap Ed can be

compared to the bond breaking energy. As already

mentioned by Arkhipov et al., these two kinds of liquid

correspond, respectively, to the fragile and strong glass

forming liquids defined by Angell [34]. According to these

models, we can say that the stronger the glass-forming

liquid, the less liquid-like state is frozen-in at the glass

transition. According to the definition proposed by Ngai

et al. [35], a fragility index m for a glass forming liquid can

be obtained from

m ¼
d log10ðtÞ

dðTg=TÞ

����
T¼Tg

ð8Þ

where t is the relaxation time and Tg is the glass transition

temperature obtained for qþ (the heating rate) equal to q2:

By using Eqs. (4) and (8), it is easy to show that the fragility

index m can be written as:

m ¼
Dhp

RTg ln 10
ð9Þ

When the glass is formed, another fragility index called the

glass fragility index can also be defined as [36]:

mg ¼ mx ð10Þ

Thus, if these models are similar, we have to verify that the

small xs values correspond to a stronger glass formation, and

consequently, a smaller glass fragility index mg: To this end,

we have determined the fragility indexes m and mg of our

samples and compared with those obtained for the poly(a-n-

alkyl)acrylates and the values are given in Tables 1 and 2.

For the samples DP1.1, DP1.2 and DP1.3, we find,

respectively, m ¼ 104 ^ 11 and mg ¼ 57 ^ 11; m ¼ 108 ^

11 and mg ¼ 57 ^ 11; m ¼ 122 ^ 5 and mg ¼ 66 ^ 5:

Thus, when the length of the lateral chain increases in

DP1.i samples, the glass forming liquid becomes more and

more fragile. First, this result seems to be surprising by

comparison with those obtained for the poly(a-n-alkyl)a-

crylates. Indeed, for this series of samples, the fragility

index varies from m ¼ 120 ^ 11 to 75 ^ 15 when the

length of the lateral chain varies from 1 to 8 carbon atoms.

But, for the poly(a-n-alkyl)acrylates, when the length of the

lateral chain approaches 12 carbons, the sample can

crystallise easily. Accordingly, when the length of the

lateral chain increases, the covalent type interactions

become dominant and the sample becomes more and more

strong (m decreases). For our samples, it was shown by X-

ray diffraction that the sample noted DP0.0 has a significant

crystallinity (Fig. 3). Consequently, when the length of the

lateral chain increases, the covalent type interactions

decrease and the samples become more and more fragile

(m increases). Scheme 1 presented in Fig. 12 allows to

compare the evolution of the fragility index between the two

classes of glass forming liquids and allows to show that our

results on the fragility index are consistent. Concerning the

glass fragility index mg; there is no evolution for the DP1.i

samples if we consider the standard deviation on each value.

We find mg ø 60: The same can be stated for the poly(a-n-

alkyl)acrylates, for which mg ø 45: Thus, from the fragility

point of view, different glass forming liquids can form like

glasses. To verify that the RWM and the Hutchinson’s

model lead to similar conclusions, we have plotted in Fig.

13 the glass fragility indexes mg versus the entropic non-

linearity parameter xs for the two polymer classes, at

equivalent lateral chain length. We observe that at a small

Fig. 12. Evolution of the fragility index m with the crystallisation ability for

the poly(a-n-alkyl)acrylates (from C1 to C8) and for our samples (from

DP0.0 to DP1.3).

Fig. 13. Evolution of the data pairs ðxs –mgÞ for our samples and for the

poly(a-n-alkyl)acrylates at equivalent lateral chain length.
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value of mg corresponds a small value of xs; the stronger the

glass, the higher the number offlexed bonds which is frozen-in

at the glass transition involving a more disordered state in the

glass. It appears that the model proposed by Hutchinson et al.

[5] is coherent with the RWM proposed by Arkhipov et al. [32,

33] in regard to the fragility concept [34].

5. Conclusion

In this work, for two families of linear polymers in which

the same structural parameter is changed, we have

determined the fragility of these samples and the new

entropic non-linearity parameter xs proposed by Hutchinson

et al. by studying the sub Tg relaxation. By making a

comparison between the glass fragility index mg and the

entropic non-linearity parameter xs; we have shown that the

entropic model proposed by Hutchinson et al. and the RWM

proposed by Arkhipov et al. are in good agreement.
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