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Abstract

Polyamide prepared by the reaction of ethylene diamine with different ratios between 1,6-gly-
conic acid and phthalic anhydride. The differential scanning calorimetry (DSC) is used to study the
nonisothermal and isothermal crystallization of low density polyamides in phosphate glass
(Pglass)-polymer hybrid blends. The % crystallinity decreased as the Pglass volume increased.
The half-life (t1,2) for crystallization decreased as the propagation rate constant rose for both the
polymer matrices with increasing Pglass concentrations. The results show that the Pglass is im-
proved nucleating agent for formation of the Pglass-polymer hybrids up to 35% Pglass and the
energy necessary to break decreased. The stability of the reaction of ethylene diamine with
phthalic anhydride and glyconic acid was qualitatively investigated using molecular orbital calcu-
lations.
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1. Introduction

Polyamides form a class of industrially useful materials because of their excellent properties [1]. Glass is a pop-
ular fiber that is blended with commercial thermoplastic such as polyethylene and poly propylene [2]-[4]. Addi-
tion of fiber to polymers increases their properties such as increase their temperature resistance, and crystallinity
[5].

Recently, the scientists studied the different theoretical variables that have effect on the structure of the poly-
condenseation polymer, and they concluded that a difference in the reactivity of two functional groups of non-
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symmetrical monomer is necessary to produce condensation polymer with an ordered structure [6], and feed-
speed of asymmetric monomer to nonsymmetrical monomer in polymerization is important factor that should be
considered [7]. In this work, some polyamides were synthesised by the reaction of different ratios of ethylene
diamine with 1,6-glyconic acid and phthalic anhydride. The crystallization behaviour of the material depends on
kinetic and properties of hybrids.

2. Experimental
2.1. Materials and Instruments

Phthalic anhydride, 1,6-gliconic acid and ethylene diamine, all chemical used in this study are of BDH quality.
Differential thermal analysis (DTA) of the samples was carried out at heating rate of 10°C/min in nitrogen as an
atmosphere using a Shimadzu XD-30 Thermal Analyzer, within the temperature range 25°C - 800°C. Scanning
electron micrographs (SEM) of the samples were obtained using a Hitachi S-2460N VP-SEM (Hitachi, Ibaraki,
Japan).

2.2. Preparation of Polyamide

The polyamide was prepared by the melt condensation of ethylene diamine and phthalic acid with bis 1,6-gly-
conic acid as recommended [8]. The reaction was conducted in a slow stream of dry deoxygenated nitrogen gas
to facilitate the removal of the water produced. When the reaction was completed, the polyamide was dissolved
in DMF and then precipitated by adding a large amount of distilled water and stirring. The precipitate was then
collected by filtration and dried in a vacuum oven at 40°C according to [9].

Densities were measured by means of a pycnometer using hexane at 30°C. Viscosity measurements were per-
formed with an Ostwald viscometer using a 1% solution in dioxane and DMF for polyamide resins and polya-
mide complexes, respectively.

The low-Tg tin-phosphate glass (Pglass), with a molar composition of 0.45 SnF, + 0.25 SnO + 0.30 P,0s, an
average density of 3.65 g-cm™® and a Tg of 132.4°C (determined using DSC), the polyamide was synthesized
with the procedures reported in references [10] [11].

3. Results and Discussion

A differential scanning calorimeter was used to determine the crystallization behaviour of the samples. For non-
isothermal tests, 10 mg of sample is heated at 50°C to 5 minute to eliminate any pre-existing crystals. While for
isothermal crystallisation analyses, the samples were quenched to a particular crystallisation temperature (Tc)
and held for an amount of time (t;) that depended on the temperature. The information on the crystallisation ki-
netics was extracted from the raw experimental data. Finally, the samples were reheated above the polymer
melting temperature to obtain the data to calculate the equilibrium melting temperature (Tom) as described in
[12] Table 1 summarises the thermal history described above for Pglass-glyconic amide (Pglass-GA) 0.5,
Pglass-GA 0.7 and Pglass-GA 1.0 hybrids (Pglass-GH). A scan of an indium metal standard at 10°C-min* was
used to check the accuracy of the experiments.

Crystallization exothermic analysis for isothermal crystallization experiments cannot be performed because
the matrices of the hybrids of 40% Pglass in Pglass-glyconic amide 0.5, Pglass-GA 0.7 and Pglass-GA 1.0 these
values could not be discernible in crystallizationexotherms. In the nonisothermal experiment the enthalpy of fu-
sion AHfo was determined by “pyris software”

% Crystallinity = (AH  /QqoymerAH )x100 1)
where AH is the enthalpy of polymerization and Qpoymer i the volume fraction of the polymer (Table 1).

3.1. Non Isothermal Crystallization Behavior

The Pglass-polymer hybrids were concentrated with 0.1, 10, 20 and 40% of Pglass-polymer. It is clear from
Figure 1 that the Pglass-polymer effect the crystallization of polymer GAL and it is slightly higher than that of
pure polymer for Quoymer 25% Pglass-polymer, which is due to the small degree of interaction between the
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Table 1. Non-isothermal crystallization from DSC measurements on Pglass-GAL hybrids.

(%) Pglass Width Tn CC) AH¢ (J/g) (%) Crystallinity Onset (°C) ({®)
Pglass-GAL
106.60 97.13 34.44 53.15 67.21
108.10 93.43 33.47 53.48 68.32
10 106.64 42.02 25.01 55.85 64.24
20 107.62 36.65 22.32 58.56 63.23
25 107.54 32.05 20.51 61.75 58.62
40 106.08 22.68 16.87 67.54 46.24
Pglass-GAH
166.67 87.74 44.65 105.97 88.87
167.84 89.52 46.32 95.42 83.23
10 166.54 75.64 41.22 91.35 76.43
20 165.62 66.76 38.53 88.54 70.52
30 162.58 48.72 28.43 90.54 57.95
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Figure 1. DSC non-isothermal thermograms of (a) Pglass-GAL and (b) Pglass-

GAH hybrids.
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Scheme 1. The reaction mechanism of molten technique.

components as well as that Pglass-polymer droplets may by inducing the formation of larger polymer crystal
matric. The addition of Pglass to matrix decrease both the heat of fusion and % crystallization because it inhibits
crystallite formation beyond a particular concentration. Other authors have observed that glass fibres actually
increase the crystallinity of some polymer matrices. They attributed this increase in the crystallinity to the for-
mation of some polymer crystallites along the surface of the fiber [2] [3]. The slight increase of the melting
temperature due to the presence of a large crystal results in a higher temperature necessary to melt the crystal.
The width of the melt endotherm decreases by addition of Pglass which is explained as narrowing of the crystal-
lite size distribution [13]. Comparing the thermal behavior of pure GAH and Pglass hybrid (Figure 1), there is
slight decrease in melting temperature as more Pglass which is not significant (no more than 2.6) attributed to
the molten Pglass promotes the growth of slightly smaller crystallites in the hybrids compared with GAH.

Figure 1 show melting point at 150°C due to the presence of S-spherulite which disappears after addition of
Pglass, followed by main melting pointed at 167°C crystallinity (« and g spherulite) decrease (50% for
Pglass-GAL when Q Pglass = 21%, Q Pglass = 25% Pglass-GAH) when Pglass content increased which may
imply that liquid Pglass is less of a hindrance to GAH chain mobility than the solid Pglass phase is to GAL.

The glass-transition temperature of Pglass is higher than the melting temperature of the GAL and lower than
that of the GAH. Hence, the GAL crystallites are produced in the presence of a solid Pglass phase, and the GAH
crystallites are generated while the Pglass is in the molten state (Scheme 1).

3.2. Isothermal Crystallisation Behaviour

To describe the kinetics of the crystallization behaviour, Avrami’s equation was employed to show the correct
relationship between the degree of crystallisation X and t [14].

X, (t,T)=1-exp[—(kt)n] @)

where the k and n parameters are constants: k (units of s) is defined as the propagation rate constant of the
crystal, and n (dimensionless) is a number that depends on the nucleation, geometry and control of the growth
process.

X is defined as the time- and temperature-dependent ratio of the crystallized mass to the original amorphous
polymer mass. Avrami treated intermediate heterogeneous nucleation cases in which the rate of nucleation de-
creases exponentially with time [14]. An analysis of the relative crystallinity at each temperature was performed
through the division of the area of the crystallization peak (at various times) by the value of the theoretical heat
of melting over the entire thermogram area, represented by the following equation:

1 dH
,[0 (dtjdt
Xe=—raH) . ®
J.om(dtJdt

Because this equation yields a mass fraction of crystallinity, one must convert it to a volume fraction for con-

sistency in the use of Equation (2):
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Xv, = Xm.P, /P, — Xm_ (P, - P,) (4)

where P, and P, represent the amorphous and crystalline densities, respectively, and the subscripts v, and m, are
the volume and mass fractions of crystallinity, respectively. Through application of the Avrami equation to the
partially integrated heat flow changes during isothermal crystallization, the parameters k and n could be deter-
mined. The rearrangement of Equation (2) by applying a double logarithm to both sides of the equation yields a
linear form with variables Ln[-In(1-X)] and Lnt, slope n and intercept nLnk. Once the k and n parameters are
known, the half-time (t,), which is the time required to obtain a relative crystallinity of 50% (X = 0.5), can be
found. Applying this value to Equation (2) gives the following equation:

t, =(In2)1n/k ©

For the isothermal kinetics studies, hybrids with Pglass concentrations of 0, 1, 10, 25 and 40 vol% were tested
in the temperature range of 85°C to 105°C (Pglass-GAL hybrids). In experiments performed at temperatures be-
low 85°C, the crystallization occurred too quickly to measure it accurately, and above 100°C, the crystallisation
was too slow. However, stable thermograms were obtained for the following temperatures: 92°C, 98°C and
105°C. Figure 2(a) shows the Pglass-GAL thermograms at 92°C.

The Pglass affects the crystallization kinetics of GAL crystals; the minimum paosition of the heat flow of the
thermograms is observed to shift to the left as more Pglass is added. The time needed for the crystallization peak
to develop is a strong function of temperature such that at higher temperatures, more crystallization time is re-
quired. The higher degree of thermal energy that the material possesses at higher melt crystallization tempera-
tures inhibits the crystal growth. Once sufficient energy has dissipated during the quenching and subsequent
cooling, the crystal growth increases. Table 2 shows the results of the isothermal crystallization analysis of the
Pglass-GAL hybrids and lists the Avrami parameters and their dependence on the Pglass content. The Avrami
exponent n of the pure GAL remained within the range of 1.64 and 2.38 for all crystallization and Pglass con-
centrations, suggesting instantaneous, heterogeneous, two-directional, and diffusion-controlled crystallite growth in
a disc-like growth geometry. The addition of Pglass appears to reduce the value of the exponent slightly at crys-
tallization temperatures of 92°C and 98°C and to increase it at T, = 102°C, but overall, the exponent does not
appear to change very much with Pglass concentration.

The crystallization rate constant k shows an increase in value with Pglass concentration, with more pro-
nounced trends at higher crystallization temperatures.

Further evidence of a hastened crystallization of the GAL phase is found in the t;, data [Table 2]. The half-
time behaves inversely to the rate constant in that it decreases with Pglass content in a more pronounced manner
at higher crystallization temperatures. Ultimately, the Pglass causes faster crystal growth as more is added to the
matrix, but it does not permit the formation of new GAL crystals.

Figures 3(a) and Figures 3(b) show optical micrographs of the morphology of pure GAL and a 1% Pglass-
GAL hybrid, respectively. There is a profound decrease in the spherulitic structure of the Pglass-GAL hybrid,
which is attributed to the addition of only 1% Pglass to the GAL matrix in Figure 3(b).

The Pglass-GAH hybrids with Pglass concentrations of 0, 1, 10, 25 and 40 vol% were tested in the tempera-
ture range of 125°C to 140°C. Figure 2(b) shows an example of the Pglass-GAH thermograms at 135°C. This
graph alone clearly shows that Pglass has a more profound effect on the crystallization kinetics of GAH than
GAL. According to the calculated Avrami parameters in Table 2, the rate constant k and half-time of crystalli-
zation ty; change with Pglass content, as was observed with the Pglass-GAL hybrids.

The key difference between the two hybrid systems studied is that this effect is suppressed as the crystalliza-
tion temperature is increased for the Pglass-GAH hybrid. The main observation of the data presented above is
the significant decrease in the half-time of crystallization with Pglass concentration, as noted by the shift in the
minimum position of the isothermal exotherms. The marked difference in crystal growth rate between the
Pglass-polymer hybrids may be attributed to the phase of the Pglass. This very large interface can be expected to
provide sites for numerous covalent bonds or other compatibilisation between phases. The exponent appears to
fall within the range of 3.0 - 4.0 at all three temperatures and Pglass compositions according to Table 2, signi-
fying homogenous, three-dimensional, interface-controlled growth. Figure 4(a) and Figure 4(b) show the
spherulite growth for pure GAH and for the 1% Pglass-GAH hybrid, respectively. Figure 4(b) reveals that the
crystals grow at and around the Pglass interface. An enlargement of one of the Pglass droplets with GAH crys-
tals at the interface is shown in Figure 4(c), confirming the presence of spherical crystallites.
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Figure 2. DSC isothermal thermograms of (a) Pglass-GAL hybrids at T..

Table 2. Isothermal crystallization kinetic parameters from DSC measurements on Pglass-GAL and Pglass-GAH hybrids.

T.=92°C T.=98C Tc=102°C
Pglass (%) = - = - = ;
n K(s) ty (Min) n K(s™) ty (min) n K(s™) ty (Min)
Pglass-GAL
2.32 0.435 1.92 1.90 0.175 4.35 1.62 0.072 9.56
3.29 0.431 1.90 1.88 0.181 4.29 1.58 0.069 10.45
10 3.35 0.448 1.85 1.79 0.177 3.86 1.65 0.102 8.63
25 224 0.418 1.96 1.84 0.220 3.58 2.06 0.105 7.54
40 2.16 0.456 1.86 1.44 0.193 3.84 2.126 0.142 6.65
Pglass-GAH
242 0.425 1.82 1.80 0.165 4.25 1.64 0.082 9.56
2.24 0.418 1.96 1.84 0.220 3.58 2.06 0.105 7.54
10 2.32 0.435 1.92 1.90 0.175 4.35 1.62 0.072 10.56
25 3.29 0.431 1.90 1.88 0.181 4.29 1.58 0.069 10.45
40 3.35 0.448 1.85 1.79 0.177 3.86 1.65 0.102 8.63
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Figure 3. Optical micrographs showing crystallization of (a)
pure GAL and (b) 1% Pglass in GAL= 92°C and Pglass-GAH at
T.=102°C.

Figure 4. Optical micrographs showing crystallization of (a) pure GAH and
(b) 1% Pglass in GAH. (c) represents an enlargement of a section of (b).
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Figure 5. the LUMO and HOMO of phythalicanhydride ,Glyconic acid and Ethylene diamine.

3.3. Theoretical Calculations

The stability of the reaction of Ethylene diamine with phthalic anhydride and glyconic acid was qualitatively
investigated using molecular orbital calculations. Geometry optimization for ethylene diamine, phthalic anhy-
dride and glyconic acid were carried out using Density Functional Theory with the Backle3LYP hybrid func-
tional, by using a basis set of 6-31G (d) [15]. Geometry optimization was followed by frequency calculations for
each structure. The frequency calculations indicated no imaginary frequencies hence emphasizing that the struc-
tures are global minimum structures. Computations have been performed using the Gaussian 09 Revision D.01
program package. The optimized geometry of the ethylene diamine along with HOMO and phthalic anhydride
and glyconic acid along with LUMO are depicted in the Figure 5. HOMO of ethylene diamine is the electron-
donor orbital and is concentrated on the NH2 group. The LUMO of phthalic anhydride reveals electron-accep-
tor orbital which resides on the carbonyl group and in the case of glyconic acid, the LUMO resides on the car-
boxylate group. The energies of the frontier orbitals of the donor and the acceptors along with the energy cor-
responds to the energy gap

AE (HOMOg,, —LUMO,, ) = -3.24 eV
AE (HOMO,,,, —LUMO,, ) = —4.88 eV

The shape of the frontier orbitals shown in the figure and the negative value of the energy gap is indicative of
the feasibility of the chemical reaction.

4. Conclusion

The crystallization behavior of semi crystalized polymers GAL and GAH changed due to presence of Pglass
which acts as nucleation agent. The optical microscopy and differential scanning calorimetry (DSC) conforms
the increase of Avrami index due to the change in growth geometry from 2D to 3D spherulites. From noniso-
thermal crystallization, it was concluded that the solid Pglass phase induced the formation of narrow distribution
of large crystal in Pglass-GAL hybrid instead of narrow distribution of small crystallization in Pglass-GAH hy-
brid.
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