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Abstract 

A series of poly(a-n-alkyl P-L-aspartate)s (where IZ is the number of carbon atoms in the linear alkyl side chain, with n = 12, 18 and 22) 
was studied by differential scanning calorimetry. The effect of the length of alkyl side chain on the non-isothermal crystallization kinetics on 
cooling was investigated. It was found that the AH, and crystallization rate of PAALA samples on cooling increase with the alkyl side chain 
length. A similar trend is observed for the activation energy of the crystallization process. It was found that the Johnson-Mehl-Avrami 
model cannot be applied for a quantitative description of non-isothermal d.s.c. data corresponding to this crystallization process. 0 1998 
Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

The poly(a-n-alkyl P-L-aspartate)s are a series of novel 
comb-like polyamides derived from nylon 3, whose 
chemical structure is as shown the following: 

-NH-CH-CH,-CO- 

I 
COOR 

R being the alkyl group of the side chain. These polymers 
are here called PAALA-n, where 12 represents the number of 
carbon atoms contained in the alkyl group. These polymers 
are closely related to the poly(y-alkyl cr-L-glutamate)s 
largely studied in recent years [l-5]. 

Recent studies carried out in the poly(a-n-alkyl P-L- 

aspartate)s have shown that the formation of helical 
structures seems to be a common property of these com- 
pounds [6-81. PAALA-n, with II 2 12, tends to organize 
into two-dimensional biphasic structures with main chain 
helices and alkyl side chains distributed into two separate 
domains [9]. The alkyl side chains are able to crystallize 
between the layered structure of main chain helix 
originating phase A. The melting of the ordered side chains 
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originates phase B [9,10]. Fig. 1 shows a schematic model 
illustrating the structural changes in PAALA- when the 
transition B - A takes place. The interlayer distance 
changes from 2.8 to 3.1 nm. 

The aim of this work is a non-isothermal study of this crys- 
tallization process (transition B - A) by differential scanning 
calorimetry (d.s.c.) in PAALA-n, with n 2 12. Non-isothermal 
crystallization data of similar processes in polymers are 
usually described using the Johnson-Mehl-Avrami (JMA) 
model [ 11,121. It is well known, however, that this theoretical 
model has been developed for the description of isothermal 
crystallization [ 13,141, and its validity can be extended to 
non-isothermal applications only if the crystals of a new 
phase grow from a constant number of nuclei and all nuclea- 
tion is completed prior to macroscopic crystal growth [14- 
161. The aim of this paper is to test the applicability of the 
JMA model for the description of the non-isothermal crystal- 
lization process of PAALA-n samples. 

2. Kinetic analysis 

The heat flow, 4, generated during the crystallization 
process can be described by the following equation [ 171: 

C$ = AI&A e - E’RTf (a) (1) 
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Fig. 1. Schematic model illustrating the structural changes taking place in PAALA-n, with n 2 12, during the crystallization process on cooling 

where AH, is the crystallization heat, A is the pre-exponen- 
tial factor -and E is the effective activation energy. This 
parameter can be calculated from the slope of the plot of 
logarithm of heat flow at a given fractional conversion CY, 
plotted against the reciprocal temperature as follows from 
the logarithmic form of Eq. (1): 

In 4, = ln[AH,Aj(ol)] - EIRT (2) 

The function flor) represents the mathematical expression 
for the kinetic model. The JMA equation [ 11,121 is probably 
the most frequently used model for the description of 
crystallization kinetics. Usually it is represented in the 
following form [ 171. 

f(o) = n( 1 - CY)[ - ln( 1 - CY)]~ - I” (3) 

This model, however, was derived in isothermal conditions 
and its applicability for non-isothermal data should be care- 

fully checked [14-161. This can be done, e.g. using two 
special functions defined as follows [ 181. 

y(a) = +eEIRT (4) 

z(a) = +T* (5) 

For practical reasons these functions are normalized within 
the (0,l) interval. It was shown by Malek [ 161 that the 
maximum of the function z(o) (usually labelled CY;) 
has characteristic values for a particular kinetic model. 
For the JMA model this maximum should be close to 
a; = 0.632. 

The y(o) function is proportional to the kinetic model 
function j(o), as follows from comparison of Eq. (1) and 
Eq. (4). Therefore, the shape of normalized y(a) plot is 
characteristic for the kinetic model and it can be used as a 
diagnostic probe for kinetic model determination. There are 
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Fig. 2. D.s.c. curves of PAALA-n samples for the indicated alkyl side chain length. Different cooling rates in K min-’ are indicated by numbers. 



Table 1 
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Temperatures of onset (T,) and peak maximum (T,) at different cooling rates p for the PAALA-n samples 

p (K min-‘) PAALA- 12 PAALA- 18 

7-0. (“C) T, (“C) To, (“C) T, (“C) 

PAALA- 

T,, (“C) Tr (“C) 

-2.5 - -11.5 45.2 41.1 60.5 57.8 
-5 3.8 -17.3 45.2 39.7 60.5 56.8 
-7.5 2.4 -14.7 45.2 37.8 60.5 56.2 
-10 2.3 -18.3 45.2 36.9 60.5 55.4 
-12.5 5.7 -15.6 45.2 36.8 60.5 54.6 
-15 5.4 -17.5 45.2 35.4 60.5 53.4 
-20 6.1 -19.2 45.2 33.1 60.5 52.5 

two possibilities for the JMA model [18]. If the y(o) and higher resolution. The instruments were previously cali- 
function has a maximum at (YM = 0, then it can be linear brated with indium standard. The samples were heated from 
for n = 1 or concave for n < 1. If the y(o) function exhibits a 10 to 120°C at 10 K min-’ and left at this temperature for 
maximum in the interval (YM E (O,cr,) (where or is the 5 min. Then, the samples were cooled at constant rate 
fractional conversion at the maximum of the d.s.c. peak) ranging between 2.5 and 20 K min-’ from 120 to -20°C 
then it corresponds to a n > 1 model. The mathematical in order to crystallize the molten paraffinic side chain. 
condition for the maximum then can be expressed as Samples weights of about 6 mg were used in all the 
follows: experiments. 

1 
a,“=l-exp --1 ( ) n 

An alternative method of testing the applicability of the 
JMA model is based on the shape index analysis of the 
d.s.c. curve and it is explained in detail elsewhere [16]. 

3. Experimental 

3.1. Materials 

The poly(a-n-alkyl /3-L-aspartate)s used in this work, i.e. 
PAALA-12, -18 and -22, were prepared by non-assisted 
anionic ring-opening polymerization of the corresponding 
optically pure (S)-4-(alkoxycarbonyl)-2-azetidinones [9]. 
This method allows to obtain these polymers for a wide 
range of n values with a high degree of stereoregularity 
and large molecular weights. 

3.2. Measurements 

Fig. 2 shows d.s.c. curves corresponding to the non- 
isothermal crystallization of PAALA-n samples at various 
cooling rates measured using the DSC-30 instrument. The 
PAALA- crystallizes in the temperature range between 
20 and -35°C PAALA- in the range between 55 and 
- 10°C and PAALA- in the range between 70 and 10°C. 
The extrapolated onset temperature of the crystallization 
peak, T,,, is practically identical and independent on the 
cooling rate for PAALA- and 22 (45.2 and 60.5”C, 
respectively), while there are some differences (lower than 
3°C) in PAALA- (see Table 1). Likewise, the initial slope 
of the d.s.c. curves until the maximum of the crystallization 
peak is very pronounced, and therefore the crystallization 
rate seems to be very fast, particularly in PAALA- 18 and 22. 
These facts allow to suppose that the nucleation and growth 
processes are probably overlapped. No significative 
differences were observed using the DSC-821e instrument 
with faster response. 

Calorimetric measurements were performed with a As is evident, the crystallization enthalpy increases 
Mettler TA-4000 thermoanalyzer equipped with a low tem- with the length of the alkyl chain. The values of AH, are 
perature range DSC-30 differential scanning calorimetric summarized in Table 2. Little difference is observed 
module and with a Mettler DSC 821e with faster response between the crystallization enthalpy values for PAALA- 18 

Table 2 
The parameters characterizing the crystallization process in studied materials 

4. Results and discussion 

Sample -AH, (J g-‘) E (kJ mot -‘) m 
ffM (YP 

PAALA- 69 ? 2 318 f 20 0 0.23 5 0.04 
PAALA- 18 50 t 2 191 2 15 0.07 5 0.02 0.26 2 0.03 

55 t 2” 202 2 33 0.11 2 0.08 0.25 _t 0.03 
PAALA- 26 ? 1 128 _’ 47 0 0.41 k 0.05 

“Measured by the DSC 821e instrument 
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Fig. 3. The a@ivation energy of PAALA- sample as a function of fractional conversion 01. The points were calculated by the isoconversional method using 
Eq. (2) for non-isothermal data obtained by the Mettler DSC-30 (0) and DSC821e (W) instruments. The lines are drawn as guide for the eye. 

between the DSC-821e and DSC-30 (55 + 2 J g-’ and are shown in Table 2. The average value of the activation 
50 + 2 J g-‘, respectively). The crystallized fraction at energy increases with the length of the alkyl side chains n. 
the temperature of the maximum of the peak, or,, is very This increase can be attributed to the greater mobility 
low (co.319 and changes with the sample and with the acquired by side chains, which acts as an obstacle for 
cooling rate. their interaction, making the crystallization process more dif- 

Fig. 3 shows the activation energy for the PAALA- ficult. 
calculated using Eq. (2) for experimental data obtained by Using these values of the activation energy for the differ- 
the DSC-30 and DSC-821e instruments as a function of the ent PAALA-n, the y(o) function can be calculated using 
fractional conversion (Y. The value of E is practically con- Eq. (4). These functions (normalized within the (0,l) 
stant (within 10% error limit) except for the peak tails, and interval) calculated for various cooling rates are plotted as 
their average values calculated in the range 0.3 5 CY 5 0.7 points in Fig. 4 for PAALA-18. Theoretical I functions 

I 

22 
.?l 

0.8 

0.4 

0.0 

Fig. 4. The y(o) function for the PAALA- sample calculated using Eq. (4) for various non-isothermal experiments: (0) 2.5; (W) 5; (A) 7.5; (A) 12.5; (0) 15; 
and (0) 20 K min-‘. Full lines correspond to normalizedflo) functions calculated for the JMA model using Eq. (3). 
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Fig. 5. The z(o) function for the PAALA- sample calculated using Eq. (5) for various non-isothermal experiments: (0) 2.5; (m) 5; (A) 7.5; (A) 12.5; (0) 15; 
and (0) 20 K min-‘. The value of o; typical for the JMA model is marked with broken line. 

calculated for various values of kinetics exponent 12 = 1, 1.5, 
2 and 3 for JMA model are shown by full lines. It is clear 
that the experimental data cannot be described by the JMA 
model. The values of (YM (see Table 2) are approximately 0 
in PAALA- 12 and 22 and 0.1 for PAALA- 18. 

The plot of z(o) function calculated using Eq. (5) versus a 
for PAALA- is shown in Fig. 5. This function exhibits a 
maximum at o; = 0.632 independently of the kinetic 
exponent and the activation energy. The o; value for this 
sample is 0.26, which is considerably lower than the 
0.632 corresponding to the JMA model (broken line). 
Similar behaviour was observed also for PAALA- and 
PAALA- (see Table 2). These facts indicate that the 
calorimetric data obtained from the non-isothermal crystal- 
lization of these samples cannot be described by the JMA 
model. 

For values higher than 0.3 the z(o) function shifts with 
cooling rate. This is probably due to the thermal inertia 
effect of the instrument as a consequence of the extremely 
fast crystallization process. It seems, therefore, that quanti- 
tative analysis of the non-isothermal crystallization with 
determination of the kinetic parameters is not possible in 
this case. 

5. Conclusions 

It was found that the AH, and crystallization rate of 
PAALA samples, on cooling, increase with the alkyl side 
chain length. A similar trend is observed for the activation 
energy of the crystallization process. It was found that the 
Johnson-Mehl-Avrami model cannot be applied for a 
quantitative description of non-isothermal d.s.c. data 
corresponding to this crystallization process. 
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