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Aliphatic poly(propylene dicarboxylate)s: Effect of chain length on thermal
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Abstract

Polyesters based on 1,3-propanediol glycol and aliphatic dicarboxylic acids with different chain length were synthesized by melt polycon-
densation, obtaining samples characterized by high and comparable Mn. The polymers were subjected to molecular and thermal characterization.
All polymers showed a good thermal stability, even though depending on the chain length. At room temperature all the polymers appeared as
semicrystalline materials; the effect of the chain length was a lowering in the Tg value, an oddeeven fluctuation for Tm and an increase of the
crystallization rate. A comparison of the X-ray data revealed that the polymers with odd carbon number per repeat unit, show similar patterns,
different from those of samples with even carbon atoms number. Multiple endotherms were evidenced in melt isothermally crystallized samples,
due to melting and recrystallization processes. By applying the HoffmaneWeeks’ method, the T0

m of the samples was derived. Lastly, the
presence of an interphase was not evidenced.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The past two decades have witnessed a growing public and
scientific concern regarding the use of biodegradable plastic
material as a solution for the problem of plastic waste. Several
biodegradable polymers have been successfully developed
over the past years to meet the specific demands, e.g., in agri-
culture, packaging and pharmaceutical industries [1,2]. The
best understood and most extensively studied plastics with
regard to biodegradation are poly(hydroxyalkanoates) (PHA),
which are polymers naturally produced by bacteria [3,4].
However, for practical applications biodegradable aliphatic
synthetic polyesters such as poly(3-caprolactone) (PCL),
poly(ethylene succinate-co-butylene succinate) (trade name
‘‘Bionolle’’) and polylactide (PLA) have predominantly been
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used up to now [5]. Due to the limited properties of some
aliphatic polyesters, new biodegradable aliphaticearomatic
copolyesters have been also developed and recently introduced
into the market, e.g., under the trade name Ecoflex (BASF AG,
Germany) or Eastar Bio (Eastman Chemicals, U.S.A.) [6,7].
These polyesters show a wide variety in their physical and me-
chanical properties being in some cases directly comparable
with that of many traditional and nonbiodegradable polymers,
especially low-density polyethylene (LDPE) and polypropyl-
ene (PP). Polyesters based on 1,3-propanediol glycol (1,3-
PD) have attracted increasing interest only in the last few
years. This was a consequence of the fact that in the past
1,3-PD was not available in the market at low cost and in suf-
ficient purity. However, recently more attractive processes
have been developed for its production, such as selective
hydration of acrolein followed by catalytic hydrogenation of
the intermediate 3-hydroxypropionaldehyde [8,9], or hydro-
formylation of ethylene oxide [10]. Currently, Du Pont and
Shell Chemical companies have developed 1,3-propanediol
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commercial product with low cost and high quality by using
biotechnological methods: in particular, Du Pont’s fiber-grade,
or apparel-grade 1,3-PD has successfully been prepared by
a fermentation process of corn sugar, a renewable resource
[11]; Shell has produced 1,3-PD via an enzymatic fermenta-
tion of glycerine [12]. 1,3-PD is really considered to be one
of the bulk chemicals that will be produced in large scale in
the next few years and consequently, its polycondensates are
now arousing an increasing interest both from the academic
and industrial point of view.

It is well known that crystallization is a phase transition that
plays an important role in determining the morphology of
a polymer for a wide range of technological processes, in
which commodities are formed from synthetic plastics. More-
over, because the crystal structure and morphology (the crystal
habit and organization of crystals into aggregates of a higher
order) are responsible for many properties of the final prod-
ucts, the knowledge of the crystallization mechanisms is cru-
cial for designing materials with the required properties.

Furthermore, in recent years, the study of the rigid-amor-
phous phase present in some polymers has aroused a growing
interest [13e17]. Generally, the highly ordered structure of
most semicrystalline polymers cannot be simply described
by means of a two-phase model, consisting of crystalline
and amorphous phases. As a consequence, a third phase, the
so-called ‘rigid-amorphous phase’ (RAP) or ‘interphase’ be-
tween crystalline and amorphous layers has been taken into
consideration in the structure. RAP is defined as that portion
of noncrystalline material that does not mobilize at Tg and,
therefore, does not contribute to the observed Dcp value. Its
importance derives from the fact that the interphase is often
correlated with the presence of a very disperse crystalline
phase, influencing consequently the final mechanical proper-
ties of the polymer.

In this view, herein the results of a detailed investigation of
the thermal properties and crystallization kinetics of some new
aliphatic biodegradable polyesters based on 1,3-propanediol
and aliphatic dicarboxylic acid with different chain length,
synthesized in our laboratories by melt polycondensation pro-
cedure, are reported. Aim of the research is to investigate the
effect of chain length on the thermal properties and crystalli-
zation kinetics of such polymers.

2. Experimental

2.1. Products

Dimethylsuccinate (DMS), dimethylglutarate (DMG), di-
methyladipate (DMA), dimethylazelate (DMAz), 1,3-propane-
diol (1,3-PD) and titanium tetrabutoxide (Ti(OBu)4) (Aldrich)
are reagent grade products; all the reagents were used as
supplied, except Ti(OBu)4 that was distilled before use.

2.2. Synthesis of polymer samples

Poly(propylene succinate) (PPS), poly(propylene glutarate)
(PPG), poly(propylene adipate) (PPA) and poly(propylene
azelate) (PPAz) were synthesized in bulk starting from the ap-
propriate dimethylcarboxylate and PD glycol in a molar ratio
1:2, employing Ti(OBu)4 as catalyst (about 0.2 g of Ti(OBu)4/
kg of polymer). The syntheses were carried out in a 200 mL
stirred glass reactor, with a thermostatted silicon oil bath; tem-
perature and torque were continuously recorded during the
polymerization. The polymers were prepared according to the
usual two-stage polymerization procedure. In the first stage,
under pure nitrogen flow, the temperature was raised to
180 �C and maintained there for until more than 90% of the
theoretical amount of methanol was distilled off (about 2 h).
In the second stage the pressure was reduced (about
0.1 mbar), in order to facilitate the removal of the glycol in ex-
cess and the temperature was kept at 210 �C until a torque con-
stant value was measured. The polymers obtained, because of
the use of Ti(OBu)4 as catalyst and the high temperature,
which favour redistribution reactions, are statistical. The mo-
nomeric units of poly(propylene dicarboxylate)s investigated
are the following:
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2.3. 1H NMR spectroscopy

The chain structure of the polymers was determined by
means of 1H NMR spectroscopy. Polymer samples were dis-
solved (15 mg/mL) in chloroform-d solvent with 0.03% (v/v)
tetramethylsilane added as an internal standard. The measure-
ments were carried out at room temperature, employing a
Varian INOVA 400 MHz instrument.

2.4. Gel-permeation chromatography

Molecular weight data were obtained by gel-permeation
chromatography at 30 �C using a 1100 Hewlett Packard sys-
tem equipped with PL gel 5m MiniMIX-C column (250/4.6
length/i.d., in mm). A refractive index was employed as detec-
tor. In all cases, chloroform was used as eluent with a 0.3 mL/
min flow, and sample concentrations of about 2 mg/mL were
applied. A molecular weight calibration curve was obtained
with several polystyrene standards in the range of molecular
weight 2000e100,000.

2.5. Wide-angle X-ray measurements

X-ray diffraction measurements were carried out at room
temperature with a Bragg/Brentano diffractometer system
(Panalytical X’Pert), equipped with a real time multiple strip
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X’Celerator detector. Cu anode was used as X-ray source
(l¼ 0.15418 nm); the data were collected in the 2q range
from 5 to 60� in 3 min. A 0.25� divergence and 0.25� anti-
scatter slits were used.

2.6. Thermal analysis

2.6.1. TG measurements
Thermogravimetric analysis was carried out both in air and

under nitrogen atmosphere using a PerkineElmer TGA7 appa-
ratus (gas flow: 40 mL/min) at 10 �C/min heating rate up to
900 �C. The procedure suggested by the supplier was followed
for the temperature calibration of equipment. This method is
based on the change of the magnetic properties of two metal
samples (nickel and perkalloy) at their Curie points (354.0
and 596.0 �C, respectively). The Tonset at which the weight
loss starts was taken as temperature of initial decomposition
(Tid).

2.6.2. DSC measurements
Calorimetric measurements were carried out by means of

a PerkineElmer DSC7 instrument equipped with a liquid
sub ambient accessory and calibrated with high purity stan-
dards (indium and cyclohexane). With the aim of measuring
the glass transition and the melting temperatures of the poly-
mers under investigation, the external block temperature con-
trol was set at �120 �C and weighed samples of ca. 10 mg
were encapsulated in aluminum pans and heated to about
40 �C above fusion temperature at a rate of 20 �C/min (first
scan), held there for 3 min, and then rapidly quenched (about
100 �C/min) to �80 �C. Finally, they were reheated from
�80 �C to a temperature well above the fusion temperature
of the sample at a heating rate of 20 �C/min (second scan).
The glass transition temperature Tg was taken as the midpoint
of the heat capacity increment Dcp associated with the glass-
to-rubber transition. The melting temperature (Tm) was deter-
mined as the peak value of the endothermal phenomenon in
the DSC curve. The specific heat increment Dcp, associated
with the glass transition of the amorphous phase, was calcu-
lated from the vertical distance between the two extrapolated
baselines at the glass transition temperature. The heat of fusion
(DHm) of the crystal phase was calculated from the area of the
DSC endotherm.

The study of the crystallization kinetics of the samples un-
der isothermal conditions, was performed by means of DSC
measurements carried out under a nitrogen atmosphere, by
using a fresh specimen (ca. 5 mg) for each run, employing the
following standard procedure: the samples were heated to
about 40 �C above fusion temperature, held there for 3 min,
then quenched to the crystallization temperature Tc. The heat
flow evolving during the isothermal crystallization was re-
corded as a function of time and the completion of the crystal-
lization process was detected by the levelling of the DSC
trace. For a better definition of the starting time, a blank run
was also performed with the same sample for each isothermal
scan, at a temperature above the melting point where no phase
change occurred [18]. The blank run was subtracted from the
isothermal crystallization scan and the start of the process was
taken as the intersection of the extrapolated baseline and the
resulting exothermal curve. The isothermally crystallized sam-
ples were then heated directly from Tc to melting point at
10 �C/min.

To gain information about the presence of a rigid-amor-
phous phase in the samples under investigations, specimens
characterized by different crystal/amorphous phase ratios
were investigated. These samples were obtained by partial
melting in DSC by heating to various temperatures in the melt-
ing range, quickly cooled inside the instrument below the glass
transition temperature and reheated at 20 �C/min.

Repeated measurements on each sample showed excellent
reproducibility.

3. Results and discussion

3.1. Molecular characterization

At room temperature the as-synthesized polyesters are
transparent and light yellow coloured with the exception of
PPAz which is opaque. Their solubility was checked in various
solvents: all the samples showed a good solubility at room
temperature in the most common organic solvents, i.e. chloro-
form, tetrachloroethane, methylene chloride, etc. Before mo-
lecular and thermal characterization, all the polymers were
carefully purified by dissolution in chloroform and precipita-
tion in cold methanol. Finally, the samples were kept in a vac-
uum oven at room temperature several days in order to remove
the residual solvent. The purified polymers appear as semi-
crystalline white solids and their characteristics are collected
in Table 1.

First of all, it can be noted that all the polymers are charac-
terized by molecular weights, significantly higher than those
of analogous aliphatic polyesters synthesized by others previ-
ously [19]. This can be considered as a proof that appropriate
polymerization conditions and a good polymerization control
were obtained.

In order to have an understanding into the chemical struc-
ture, the 1H NMR investigation on the samples was performed.
In all cases, the spectra were found to be consistent with the ex-
pected structure, indicating that no side reaction occurs during
the syntheses. The chemical shift assignments (d, ppm) are the
following: PPS: d 1.95 (quin, 2Hc), d 2.60 (s, 4Ha), d 4.16
(t, 4Hb); PPG: d 1.91 (quin, 2Hb), d 1.94 (quin, 2Hd), d 2.35
(t, 4Ha), d 4.12 (t, 4Hc); PPA: d 1.64 (quin, 4Hb), d 1.92 (quin,
2Hd), d 2.26 (quin, 4Ha), d 4.15 (t, 4Hc); PPAz: d 1.32 (m,
6Hcd), d 1.60 (m, 4Hb), d 1.96 (quin, 2Hf), d 2.29 (m, 4Ha),
d 4.14 (t, 4He) (see the chemical structures reported in
Section 2).

3.2. Thermal properties

The polyesters were afterwards examined by thermogravi-
metric analysis and differential scanning calorimetry. The
investigation on the thermal stability was carried out both in
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Table 1

Molecular and thermal characterization data

Polymer Mn Tid (�C) First scan Second scan

Tg (�C) Dcp (J/g �C) Tm (�C) DHm (J/g) Tg (�C) Dcp (J/g �C) Tm (�C) DHm (J/g)

PPS 36,400 361 �27 0.34 44 40 �29 0.66 e e

PPG 43,500 374 �47 0.21 54 59 �49 0.62 e e

PPA 31,200 340 �52 0.37 40 49 �54 0.61 e e
PPAz 36,000 380 �52 0.07 57 78 �58 0.23 49 56
air and under nitrogen atmosphere. Fig. 1 shows the thermog-
ravimetric curves of the samples under nitrogen atmosphere.

It can be seen that in all cases the weight loss takes place in
one-step and the thermogravimetric curves are characterized
by the same char residue (about 5%). Moreover, as evidenced
by the temperature of initial decomposition (Tid) reported in
Table 1, all the samples are characterized by a relatively
high thermal stability, the Tid values ranging from 340 to
380 �C. Anyway, significant effect of the chemical structure
of the polymer on its thermal stability can be observed. As
is well known, at lower temperatures, linear aliphatic poly-
esters undergo depolymerisation to linear and cyclic esters or
lactones, a reaction commonly employed in the syntheses of
many of such substances; at higher temperatures, a further de-
composition ensues, typically with the formation of vinyl and
carboxyl groups by ester scission and by cyclic elimination
mechanism; a four-centre cleavage to ketene groups has also
been proposed [20]. As reported in the literature [21], the
main thermal degradation pathway of polyesters is highly de-
pendent on the chain length of the diol subunit, whereas the
influence of the dicarboxylic acid one is less important [21].
In our case, the different thermal stability of the polyesters
synthesized cannot be explained on these bases as the diol sub-
unit is the same for all the polymers under investigation.
Therefore, the observed behaviours have to be ascribed to dif-
ferent mechanisms in the decomposition of the dicarboxylic
acid subunits. The simplest way to interpret our results is to
consider that in many cases aliphatic polyesters can be
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Fig. 1. Thermogravimetric curves under nitrogen atmosphere (10 �C/min).
assimilated to polyethylene chains containing ester groups.
In this view, it is well established that the introduction of ester
linkages into the polyethylene chain reduces its thermal stabil-
ity, the effect being proportional to their concentration [22].
Therefore, it is not surprising that PPAz appears to be the
most thermally stable among the aliphatic polyesters under in-
vestigation and that PPG is characterized by a higher thermal
stability with respect to PPS. An anomalous behaviour is
shown by PPA, which turns out to be the least stable polymer.
Recently, Schulten and Plage [21] studied several aliphatic
polyesters by means of pyrolysis-field ionization mass spec-
troscopy in order to investigate the degradation mechanisms.
In particular, the authors paid attention to PPS and PPA: as
far as PPS is concerned, the main degradation products were
propionaldehyde and cyclic succinic anhydride; in the case
of PPA, three products have been recognized, i.e. butyrodi-
ketene, cyclopentanone and a cyclic anhydride constituted by
a stable seven-membered ring. It has to be emphasized that di-
ketenes do not form from other dicarboxylic acid subunits and
this result has been explained on the basis of the chain length.
Moreover, the results obtained [21] showed that the adipic acid
subunit is the only responsible for cyclopentanone formation,
which undoubtedly represents a favourable five-membered
ring [21]. In the case of PPS and PPG the much less favourable
cyclopropanone and cyclobutanone formation can be hypothe-
sized, respectively, and therefore the higher thermal stability
of PPS and PPG with respect to PPA can be explained.

As regards calorimetric results, being the samples charac-
terized by high Mns, an influence of molecular weight on the
glass transition and melting of the polymers synthesized can
be excluded. It is well established that the melting behaviour
of a polymer is affected by its previous thermal history and
therefore, in order to provide the same heat treatment to all
the samples investigated, prior to thermal analysis the speci-
mens have been aged for a very long time (about six months)
at room temperature in desiccators. The DSC traces of such
samples are reported in Fig. 2 and the data obtained in Table 1.
Moreover, as is well known, a partially crystalline material
usually exhibits a different glass transition behaviour than
the completely amorphous analogous. In fact, although some
conflicting results are reported in the literature [23], crystallin-
ity usually acts like cross-linking and raises Tg through its re-
strictive effect on the segmental motion of amorphous polymer
chains. Therefore, in order to study the influence of the chem-
ical structure on the glass transition of a polymer, the phenom-
enon should be examined in the total absence of crystallinity.
In this view, all the samples under investigation were subjected
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Fig. 2. First scan (full line); second scan after melt quenching (dashed line).
to rapid cooling (quenching) from the melt (see Section 2 for
details). The DSC curves after melt quenching are also shown
in Fig. 2 and the data collected in Table 1.

As far as the DSC traces of the room-stored samples are
concerned (first scan), they are typical semicrystalline mate-
rial, being characterized by the presence of a conspicuous
melting endotherm. After melt quenching, the phase behaviour
of the samples under investigation appears to be different:
PPS, PPG and PPA are found to be completely amorphous,
their DSC traces being characterized only by an endothermal
baseline deviation associated with the glass transition phenom-
enon. On the contrary, PPAz is found to be partially crystal-
line, as proved by the presence in its calorimetric curve of
a glass transition phenomenon followed by a conspicuous
melting endotherm at higher temperature. This result demon-
strates that this sample cannot be frozen into a completely
amorphous state by quenching and therefore it is characterized
by a high crystallization rate, much higher than those of the
other polyesters under investigation. However, further com-
ments on the crystallization rate can be more correctly made
by analyzing the results of the isothermal crystallization ex-
periments in DSC, reported in the following. The measured
Tg and Tm values are reported in Fig. 3 as a function of the
number of methylene group of the acid subunit.

First of all, it has to be emphasized that experimental glass
transition temperature of PPAz value is expected to be little
higher with respect to the one of the completely amorphous
sample. As it can be seen, both Tg and Tm values are affected
by the chemical characteristics of the macromolecules: the
melting temperature exhibits an oddeeven effect, whereas
the glass transition temperature decreases as the number of
methylene group present in the monomeric unit is increased.
As far as the Tm trend is concerned, it would be expected
that polymers containing longer aliphatic chains are more
flexible, thus crystallizing more readily and melting at lower
temperature. The different behaviour observed for the poly-
(alkylene dicarboxylate)s analyzed suggests that the chain
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flexibility is not the only parameter that has to be taken into
consideration to explain the melting phenomenon. In particu-
lar, it can be noted that the polyesters with an even number of
carbon atoms per repeat units, i.e. PPG and PPAz with 8 and
12 per repeat units, respectively, have higher melting points
than PPS and PPA, which are characterized by an odd number
of carbon atoms (7 and 9, respectively). Therefore, in addition
to the chain flexibility, the characteristics of the crystal struc-
ture and the chain conformation have to be also considered to
explain the observed trend. In order to investigate these results
more deeply, further experiments by using X-ray diffractome-
try are currently being carried out. Comparing the melting
temperatures of the two polyesters with an odd number of car-
bon atoms per repeat unit, i.e. PPS and PPA, one can see that
Tm value decreases as the aliphatic chain length is increased,
as expected on the basis of an increment of the chain flexibil-
ity. On the contrary, if we consider the melting temperatures of
the two aliphatic polyesters with an even number of carbon
atoms, i.e. PPG and PPAz, the trend found is opposite: Tm

value increases as the aliphatic chain length is increased.
The observed increment of the melting temperature with the
increment of the methylene groups per repeat unit can be in-
terpreted as a tendency of the polymer to adopt the crystalline
conformation and to reach the melting temperature of poly-
(ethylene) (PE). The ester functionalities act as defects in the
polyethylene backbone: Tm increases as the distance between
two consecutive ester groups is increased, thus the number of
defects decreases.

The Tg trend, i.e. the fact that the glass transition tempera-
ture steadily decreases as the number of e(CH2)e groups per
repeat unit is increased, can be explained on the basis of an in-
crement of chain flexibility: as a matter of fact, the higher is
the number of methylene groups in the polymeric chain the
lower the concentration of the stiffer ester groups (OeCOe).
As a consequence, the polymeric chain is more flexible and
thus the polymer has a lower Tg.

To check the structure of the crystalline phase in the sam-
ples under investigation and to correlate it to the chemical
structure, X-ray diffractometry measurements were performed
at room temperature. The diffraction curves for PPS, PPG,
PPA and PPAz are reported in Fig. 4.

The only X-ray spectra reported in the literature is that of
PPS [19]: the pattern obtained by us is very similar to the
one published. As far as PPA is concerned, one can see that
its XRD pattern is characterized by strong reflections at
19.0, 20.9, 22.2, and 24.3� (d¼ 0.466, 0.425, 0.401, and
0.365 nm) and by weaker reflections at 8.20, 16.9, 26.9, and
29.4� (d¼ 1.07, 5.24, 3.31, and 3.03 nm). Moreover, it can
be noted that PPA X-ray diffraction profile is resembling to
that of PPS: the X-ray profiles of the two aliphatic polyesters
with an odd number of carbon atoms per repeat unit are indeed
characterized by several peaks of comparable relative intensity
even though shifted to lower angles (longer interplanar dis-
tances) in the case of PPA. Therefore, a possible isomorphous
structure of the two polyesters can be hypothesized. As far as
the two aliphatic polyesters characterized by an even number
of carbon atoms per repeat unit (PPG and PPAz), it can be
noted that the corresponding profiles are also very similar to
each other: both X-ray spectra show indeed a low angle reflec-
tion (2q¼ 6.4�) and three intense reflections between 20 and
25�. The PPAz reflections are slightly shifted at higher angles
with respect to those of PPG. On the contrary, PPS and PPA
X-ray spectra are appreciably different from those of PPG and
PPAz. Taking into account that the kind of pattern is strictly
correlated to the crystal structure, a different packing should
be hypothesized for the even or odd number of carbon
atoms-containing polyester. To our knowledge, no data on
crystal structure were reported in the literature for PPG, PPA
and PPAz with the exception of the old data concerning fibers
[24]. Further investigations of the crystal structures are in
progress.

3.3. Isothermally crystallized samples

3.3.1. Melting behaviour
Fig. 5 shows some typical calorimetric traces of PPS, PPG,

PPA and PPAz isothermally crystallized at various tempera-
tures (Tc) according to the thermal treatment described in
Section 2.
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Fig. 5. DSC melting endotherms after isothermal crystallization at the indicated Tc’s (heating rate: 10 �C/min).
As can be seen, three endotherms appear in the thermo-
grams on heating, whose peaks have been labeled with Roman
numerals (IeIII) in order of increasing temperature. A depen-
dence of the position and intensity of the endotherms on
temperature can be observed: in particular, endotherm I
temperature is approximately 10 �C above Tc; the position of
melting peak II shifts to higher temperature and its magnitude
increases with increasing the crystallization temperature. As
regards endotherm III, its position remains unchanged,
whereas the magnitude decreases with increasing Tc. At pres-
ent, two main hypotheses have been proposed to account for
the multiple melting behaviour: (i) melting and recrystalliza-
tion processes occurring during the calorimetric run [25e27]
and (ii) the existence of different crystal structures [28,29].
As regards the polyesters under investigation, the observed de-
pendence of the multiple endotherms on crystallization tem-
perature permits to hypothesize the origin of each peak. In
particular, peak I can be considered as the typical ‘‘annealing
peak’’ and can be associated with the melting of poorer crys-
tals that grow at Tc between the larger crystals. Endotherm II
can be ascribed to the fusion of crystals grown by normal pri-
mary crystallization during the isothermal period at Tc; its de-
pendence on the crystallization temperature, in terms of both
peak position and area, suggests that thicker crystalline lamel-
lae develop with increasing Tc. The high temperature melting
peak (III) can be explained as the result of the melting of crys-
tals of higher stability and perfection, grown during the heat-
ing run as a consequence of recrystallization or reorganization
of crystals initially formed during isothermal crystallization.
In order to confirm the possibility of meltingerecrystalliza-
tion processes, the effect of the heating rate on the melting phe-
nomenon was evaluated. As shown in Fig. 6, the magnitude of
melting peak II increases as the heating rate is increased, con-
trarily to the high temperature melting peak III, the intensity of
which regularly decreases with the heating rate.

The higher value of the heat of fusion of the melting peak II
at the faster heating rate indicates that the crystals formed at Tc

do not have enough time to melt and recrystallize, confirming
therefore a mechanism based on melting and recrystallization
of less perfect crystallites into thicker crystals melting at
higher temperature. A further evidence that melting and re-
crystallization processes occur has been obtained performing
wide-angle X-ray measurements on samples isothermally
crystallized at different temperatures. In all cases, the WAXS
patterns exhibit the same diffraction peaks, indicating that
the samples are characterized by the same crystal structure
at all the crystallization temperatures investigated.

Equilibrium melting temperature ðTm
0Þ is a parameter,

which must first be determined in order to analyze crystal
growth kinetics. Equilibrium melting temperature is defined
as the melting temperature of lamellar crystals with an infinite
thickness. However, it is impossible to obtain such lamellae in
practice, because of kinetics factors. Thus, extrapolative
methods are used to estimate Tm

0. In this view, four general
methods are used, including the GibbseThomson and the
FloryeVRij approaches, the HoffmaneWeeks procedure
[30], and the fitting of growth rate data at a sufficiently low
supercooling with the classical theory of lamellar crystal
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Fig. 6. DSC melting endotherms of PPS, PPG, PPA and PPAz scanned at the indicated heating rate after isothermal crystallization at 0, 10, 10 and 27.5 �C,

respectively. The curves have not been corrected for changes in the thermal lag with the heating rate.
growth [31]. Among them, HoffmaneWeeks method is com-
monly used to estimate T0

m. However, there is criticism on
the validity of this procedure. Recently, Marand and co-
workers [31,32] discussed the validity of the assumption that
represents the basic premise of the linear HoffmanneWeeks
treatment: i.e. the thickening coefficient for lamellae, g, is
taken as independent of Tc and time. As demonstrated by
some results [32,33] that appeared in the literature, the linear
extrapolation, when carried out for lamellar crystals exhibiting
a constant g value, invariably underestimates the T0

m and leads
to an overestimation of the g value. In fact, the Hoffmanne
Week procedure does not account for a significant contribution
to the difference between melting and crystallization tempera-
tures arising from both the temperature dependence of the fold
surface free energy and the thickness increment above the
minimum (thermodynamic) lamellar thickness. Neglecting
these two factors causes an underestimation of the equilibrium
melting temperature and overestimation of the thickening co-
efficient. Despite criticism, the HoffmaneWeeks procedure is
still in use because of its simplicity, needing only the experi-
mental melting temperature of the crystallites formed at Tc.

Notwithstanding the above limitations, the experimental
melting temperatures (Tm) of the polyesters under investiga-
tion crystallized at different Tcs were used to obtain informa-
tion on the equilibrium melting temperature T0

m by means of
the HoffmaneWeeks’ relationship [30]:

Tm ¼ T0
mð1� 1=gÞ þ Tc=g ð1Þ
where g is a factor which depends on the lamellar thickness.
More precisely g¼ l/l* where l and l* are the thickness of
the grown crystallite and of the critical crystalline nucleus, re-
spectively [34]. Note that Eq. (1) correctly represents experi-
mental data only when g is constant and the slope of the
curve in the plot of Tm versus Tc is approximately equal to
0.5 [34].

The peak temperature of the endotherms II and III as a func-
tion of Tc is plotted in Fig. 7 for PPS, PPG, PPA and PPAz.

Endotherm II is clearly related to the original main crystal
population and its location reflects the higher perfection of the
crystals grown at higher temperatures. Melting endotherm III
is observed at a rather constant temperature characteristic of
the material partially recrystallized into a more stable form
on heating. As a matter of fact, with the increment of Tc, the
originally grown crystals improve their degree of perfection
up to a point at which no further recrystallization can occur
during the DSC run, and endotherm III disappears. The devi-
ation from linearity found at low Tc values is symptomatic of
the fast reorganization process involving imperfect crystallites
during the DSC heating. In Fig. 6 the linear extrapolation of
experimental data up to the Tm¼ Tc line is also drawn, and
T0

m values of 61, 67, 56 and 70 �C were found for PPS,
PPG, PPA and PPAz, respectively. As regards PPS sample,
the result appears in excellent agreement with the datum re-
ported by other authors [19]. Up to now, to our knowledge,
no data for T0

m of PPG, PPA and PPAz have been reported
in the literature. As it can be seen, the oddeeven effect is
confirmed.
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Fig. 7. Peak temperatures of (C) II and (-) III endotherms, scanned at 10 �C/min, as a function of Tc and linear extrapolation according to the HoffmaneWeeks

treatment.
3.3.2. Crystallization kinetics
As well known, the analysis of the isothermal crystalliza-

tion kinetics can be carried out on the basis of the Avrami
equation [35]:

Xt ¼ 1� exp½ � knðt� tstartÞn� ð2Þ

where Xt is the fraction of polymer crystallized at time t, kn the
overall kinetic constant, t is the time of the isothermal step
measured from the achievement of the temperature control,
tstart the initial time of the crystallization process, as described
in Section 2, and n the Avrami exponent, which is correlated
with the nucleation mechanism and the morphology of the
growing crystallites. Xt can be calculated as the ratio between
the area of the exothermic peak at time t and the total mea-
sured area of crystallization peak. The value of the kinetic con-
stant kn is also frequently obtained by means of the following
relationship:

kn ¼ ln 2=tn
1=2 ð3Þ

where t1/2 is the crystallization half-time, defined as the time
required to reach Xt¼ 0.5.
It is likewise worth remembering that Eq. (2) is usually ap-
plied to the experimental data in the linearized form, by plot-
ting [ln(�ln(1�Xt)] as a function of ln(t�tstart), permitting the
determination of n and kn from the slope and the intercept, re-
spectively. In Fig. 8, typical linearized Avrami plots for PPA
and PPAz are shown for a selected set of crystallization
temperatures.

As it can be noted, no data are reported for PPS and PPG.
The isothermal crystallization kinetics of these two polyesters
could not be investigated because of the too low crystallization
rate. As far as PPS polyester is concerned, the result is in con-
trast with that reported by Bikiaris and Papageorgiou [19]. In
their paper, the authors investigated the crystallization behav-
iour of a PPS sample, which, however, was characterized by
a significantly lower molecular weight (Mn¼ 6900). Thus,
the discrepancy is not surprising taking into account that crys-
tallization rate significantly decreases as the molecular weight
is increased.

The crystallization half-time t1/2, the parameter n, and the
kinetic constant kn are collected in Table 2: as can be seen,
for all the samples under investigation, the overall kinetic con-
stant kn regularly decreases with increasing Tc, as usual at low
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undercooling, where the crystal formation is controlled by
nucleation.

In order to evaluate the effect of chemical structure on crys-
tallization rate, the half-crystallization time t1/2 was plotted as
a function of undercooling degree ðDT ¼ T0

m � TcÞ in Fig. 9: it
is evident that crystallization half-times of PPAz are lower
than those of PPA.

It is worth remembering that the crystallite formation is
controlled by several factors: first of all, it has to be reminded
the thermodynamic requirements, which are correlated to the
symmetry of the chains, which allows the regular close

Table 2

Kinetic parameters for the isothermally crystallized PPA and PPAz polymers

Polymer Tc (�C) t1/2 (min) n kn (s�n)

PPA �5.0 2.5 2.9 1.2� 10�05

�2.5 2.6 2.8 7.0� 10�06

0.0 2.7 2.7 4.8� 10�06

2.5 2.9 2.9 2.1� 10�06

5.0 3.2 2.9 8.9� 10�07

7.5 3.8 3.0 3.3� 10�07

10.0 4.6 3.0 1.2� 10�07

12.5 6.5 3.0 2.5� 10�08

15.0 8.8 3.0 1.1� 10�08

17.5 14.6 3.0 1.9� 10�09

20.0 21.4 3.0 5.3� 10�10

22.5 41.1 2.8 1.6� 10�10

25.0 63.5 3.0 3.6� 10�11

PPAz 20.0 1.8 2.5 1.1� 10�04

22.5 1.9 2.8 2.4� 10�05

25.0 2.4 2.8 4.3� 10�06

27.5 3.4 3.0 2.6� 10�07

30.0 5.7 3.0 3.8� 10�08

32.5 11.7 3.0 1.9� 10�09

35.0 28.1 3.1 5.4� 10�11
packing, and to the presence of groups which encourage strong
intermolecular attraction thereby stabilizing the alignment; in
addition to the thermodynamic requirements, kinetic factors
relating to the flexibility and mobility of the chain in the
melt must also be considered. The enhanced crystallization
rate of PPAz compared to the one of PPA, can be explained
on the basis of an increment of chain flexibility.

As far as the Avrami exponent n is concerned, both for PPA
and PPAz isothermally crystallized samples, it turned out to be
close to 3 for all the crystallization temperatures investigated
(see Table 2), indicating that the crystallization process
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Fig. 9. Crystallization half-time as a function of undercooling degree for PPA

and PPAz.
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originates from predeterminated nuclei and is characterized by
three-dimensional spherulitic growth.

3.4. Rigid-amorphous phase

To evaluate the existence of a rigid-amorphous phase in the
polyesters under investigation, we examined the relationship
between Dcp at Tg and DHm of samples with different crystal/
amorphous ratio. The DHm values obtained were plotted as
a function of the corresponding Dcp in Fig. 10: in all cases,
the specific heat increment is seen to decrease regularly as the
melting enthalpy increases and a very good linear fit is obtained.

The extrapolation to Dcp¼ 0 of the best fit of the
DHm�Dcp data gives values of 91, 97 and 120 J/g for PPS,
PPG and PPA, respectively, in good agreement with those
(95, 102 and 124 J/g, respectively) calculated with the van
Krevelen approach based on group contributions [36]. The
agreement between the value extrapolated by the experimental
data and the one calculated with the van Krevelen approach
is a clear evidence that for PPS, PPG and PPA interphase
formation has not to be hypothesized in contrast with the
results obtained previously on poly(butylene terephthalate),
poly(propylene terephthalate) and poly(ethylene terephthalate)
[14,15,37]. No investigation was carried out on PPAz polyester
because samples with different amorphous/crystal ratio cannot
be obtained, due to its too high crystallization rate.

4. Conclusions

The results obtained showed the possibility of easily syn-
thesizing in bulk, by the usual two-stage polycondensation
procedure, novel aliphatic polyesters based on 1,3-propanediol
and characterized by different chain length of dicarboxylic
acid subunit having molecular weights higher than those of
polymers belonging to the same class.

The data concerning the thermal characterization display
that the number of carbon atoms in the repeat unit lead to
significant variations in the final properties of PPS, PPG,
PPA and PPAz. In particular:

- the thermal stability of the polyesters follows a complex
trend, which can be explained on the basis of several fac-
tors, among these the increment of the number of eCH2e
in the polymeric chain;

- the glass transition temperature decreases as the number of
methylene groups in the repeat unit is increased, due to an
increment of macromolecular chain flexibility;

- the melting point shows an oddeeven fluctuation, due to
several factors, like chain flexibility, chain conformations
and crystal structure;

- the ability to crystallize increases as the number of meth-
ylene groups is increased, due to an increment of macro-
molecular chain flexibility.

In conclusions, the results here reported confirm that the
chemical structure is a very important factor in controlling
the final properties of a polymeric material.
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