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Abstract

Poly(propylene terephthalate/2,6-naphthalate) random copolyesters (PPT-PPN) were synthesized and characterized from the molecular
and thermal point of view. All the polymers showed a good thermal stability. The main effect of copolymerization was a lowering in the
crystallinity and a decrease of T}, respect to homopolymers. WAXD measurements indicated that PPT-PPN copolymers are characterized by
isodimorphic cocrystallization. The defect free energies, calculated on the basis of the inclusion model proposed by Wendling and Suter,
indicated that the amount of PT units incorporated in the poly(propylene 2,6-naphthalate) (PPN) B crystals is higher than the amount of PN
units which cocrystallizes in the poly(propylene terephthalate) (PPT) crystalline phase, probably due to the larger molar volume of PN units
compared to PT ones. Amorphous samples showed a monotonic increment of 7, as the content of PN units is increased, due to the stiffening
effect of naphthalene rings in the chain. Finally, the Fox equation described well the T,-composition data.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(propylene terephthalate) (PPT) has been recently
introduced as a commercial polymer, joining the very
successful poly(ethylene terephthalate) (PET) and poly
(butylene terephthalate) (PBT) on the market. Commercia-
lization was made viable by a breakthrough in the synthesis
of the monomer 1,3-propanediol which enabled the polymer
to be produced at low costs. Since, 2,6-naphthalene-
dicarboxilic acid have been recently produced in large
scale, poly(propylene 2,6-naphthalate) (PPN) has also been
recognized as an engineering thermoplastics that can be
used for fibers, film and molding materials. In this view,
PPT and PPN have attracted much interest both from
academic and industrial point of view and accordingly
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several studies on polymerization kinetics, thermal beha-
vior, crystallization kinetics, crystal structure, rheological
and mechanical properties have been reported in the
literature [1-10].

The wide diffusion of copolymers for an ever-growing
number of industrial applications has given a strong impulse to
the study of the correlation between the physical properties
and the chemical structure of these materials. Indeed, the
knowledge of the structural arrangement of the molecular
units is the basis for designing synthetic processes leading to
materials with properties tailored to fit specific applications. In
particular, the investigation on the thermal properties is
fundamental in the improvement of manufacturing processes
and consequently of the properties of the polymeric materials
obtained. In this view, we synthesized a series of poly
(propylene terephthalate/2,6-naphthalate) (PPT-PPN) random
copolyesters by reactive blending, starting from PPT and PPN.
The present paper reports the results of a detailed
molecular, thermal and X-ray diffractometric characteriz-
ation of these copolymers, carried out in order to study the
structure-properties relationships.
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2. Experimental

2.1. Reagents

Dimethyl 2,6-naphthalene-dicarboxylatc (NDC) (kindly sup-
plied by AMOCO) and 1,3-propanediol (PD) (Aldrich) were
reagent grade products and used as supplied; PPT was kindly
purchased in pellet form by Shell Chemicals (USA); titanium
tetrabutoxide (Ti(OBu),, TBT) (Aldrich) was distilled before use.

2.2. Synthesis of poly(propylene 2,6-naphthalate)

The synthesis of poly(propylene 2,6-naphthalate) was
performed starting from the monomers according to the
usual two step procedure for polyester synthesis.

NDC (600.0 g, 2.46 mol) and PD (280 g, 3.68 mol) were
introduced in a 250 mL three-neck round-bottom flask,
provided with a mechanical stirring, a torque meter and a
condenser. TBT (about 0.57 g of Ti(OBu)4/kg of polymer) was
added to the reagents and the flask was placed in an oil bath at
150 °C. In the first stage, under pure nitrogen flow, the
temperature was increased to 190 °C and kept there until no
significant increment in distillate volume was observed
(180 min from the catalyst addition). The condenser was
removed and the reactor connected to a liquid nitrogen cooled
trap. In the second stage, the reaction temperature was increased
to 260 °C and a dynamic vacuum was slowly applied. The
reaction was conducted at 1 bar until no increase in torque signal
was observed (180 min from vacuum application). The
molecular weight (M,,) of the synthesized PPN, determined
by GPC, turned out to be 50,000. In order to further increase it, a
solid-state polymerization was carried out, keeping the
polymer, previously pulverized into fine powder, in a vacuum
oven for 14 h at 195 °C. In fact a polymer characterized by
M,,=71,000 was obtained.

2.3. Synthesis of poly(propylene terephthalate 2,6-
naphthalate) copolyesters

Poly(propylene terephthalate 2,6-naphthalate) copolymers
of various compositions were obtained by melt mixing, starting
from different amounts of PPT and PPN, in presence of 50 ppm
of Ti(OBu), as catalyst. The two polymers were dried at 100 °C
under vacuum and mixed in a 200-mL glass reactor at 260 °C
for 60 min under nitrogen atmosphere.

The comonomeric units are the following:

0 o}
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CHy-CHy-CH, o—c@—o PT
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CHy-CH,-CH, O—C O

2.4. Infrared and 'H NMR spectroscopy

Infrared spectra were recorded on a ‘Spectrum one’
FT-IR spectrometer, equipped with an universal ATR
sampling accessory on a Di/ZnSe plate.

The chemical structure and composition of PPT-PPN
samples were determined by means of 'H NMR spec-
troscopy, using a Varian INOVA 600 MHz spectrometer.
The samples were dissolved in a mixture of trifluoroacetic
acid/chloroform-d (50/50 v/v) with 0.03% v/v tetramethyl-
silane added as internal standard.

FT-IR as well as "H NMR spectroscopy indicate that no
side reactions occur during the synthesis of the samples
under investigation.

2.5. Gel-permeation chromatography

Molecular weight data were obtained by gel permeation
chromatography at 30 °C using a 1100 HP Series system
with an UV spectrophotometer (at 254 nm wavelength) as
detector, equipped with PL gel 5 p minimixed-C column. A
mixture of dichloromethane/chloroform/1,1,1,3,3,3-hexa-
fluoro-2-propanol (CH,Cl,/CHCI;/HFIP) (75/20/5 v/viv)
was used as diluent with a 0.3 mL/min flow, and sample
concentrations of about 10 mg/mL were applied. A
molecular weight calibration curve was obtained with
several monodisperse polystyrene standards in the range
of molecular weight 1000-300,000.

2.6. Wide-angle X-ray measurements

Powder X-ray diffraction measurements were carried out
at room temperature with a Bragg/Brentano diffractometer
system (Philips PW1050/81-PW1710), equipped with a
graphite monochromator in the diffracted beam. Cu anode
was used as X-ray source. Data were collected in the range
5-60° (26). The crystallinity of each sample was evaluated
from the ratio of the integrated crystalline scattering to the
total scattering. The background contribution was taken in
the due account. The full profile fitting method, in the form
of the DEBVIN least-square routine [11,12], was applied to
separate the crystalline and amorphous contribution from
the total scattering. The crystalline profile was calculated by
using the structural data of PPT and B-PPN [2,13]. In each
sample two bell-shaped curves, having the form of Pearson
VII function, were superimposed to the background
segmented line, in order to simulate the amorphous
contribution to the total diffracted intensity. The position
on the 20 scale of the bell-shaped curves, their widths and
integrated intensities were fitting parameters.

2.7. Thermal analysis

Thermogravimetric analysis was carried out both in air
and under nitrogen atmosphere using a Perkin Elmer TGA7
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apparatus (gas flow: 50 mL/min) at 10 °C/min heating rate
up to 900 °C.

Calorimetric measurements were carried out by means of
a Perkin Elmer DSC7 instrument equipped with a liquid
subambient accessory and calibrated with high purity
standards (indium and cyclohexane). The external block
temperature control was set at —60 °C. Weighted samples
(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 to — 10 °C. Finally, they were reheated from —
10 °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 7, was taken as the midpoint of
the heat capacity increment Ac,, associated with the glass-
to-rubber transition. The melting temperature (7,,) and the
crystallization temperature (7)) were determined as the peak
value of the endothermal and exothermal phenomenon in
the DSC curve, respectively; when multiple endotherms
were observed, the highest peak temperature was taken as
T1n. The specific heat increment Acy, associated with the
glass transition of the amorphous phase, was calculated
from the vertical distance between the two extrapolated
baselines at the glass transition temperature. The heat of
fusion and the heat of crystallization of the crystal phase
were calculated from the area of the DSC endotherm and
exotherm, respectively. In the case of multiple endotherms,
the enthalpy of fusion (AH,,) was determined from the total
area of DSC endotherms. In order to determine the
crystallization rate under non-isothermal conditions, the
samples were heated to about 40 °C above fusion tempera-
ture at 20 °C/min, kept there for 1 min and then cooled at
5 °C/min. The temperature corresponding to the maximum
of the exothermic peak in the DSC cooling-curve (T,.) can
be correlated to the crystallization rate. Repeated measure-
ments on each sample showed excellent reproducibility.

3. Results and discussion

At room temperature PPT, PPN and PPT-PPN copoly-
mers appear as semicrystalline solids. Their solubility was
checked in various solvents: all the samples were found to
be fully soluble at room temperature only in 1,1,1,3,3,3-
hexafluoro-2-propanol or in a mixture of dichloromethane/-
chloroform/1,1,1,3,3,3-hexafluoro-2-propanol (75/20/5 v/v/v).
Before molecular and thermal characterizations, the speci-
mens under investigation were carefully purified by means
of the following procedure: after dissolution in dichlor-
omethane/chloroform/1,1,1,3,3,3-hexafluoro-2-propanol
(75/20/5 v/v/v) and precipitation in methanol, they were
recovered by filtration and again dissolved and reprecipi-
tated twice. Finally, the samples were kept in a vacuum
oven at 150 °C overnight in order to remove the residual
solvent. The purified polymers are listed in Table 1, which

also collects the weight-average molecular weight (M)
data, obtained by GPC technique.

The chemical structure of all polyesters was determined
by '"H NMR spectroscopy: a typical '"H NMR spectrum is
shown in Fig. 1, together with the chemical shift
assignments.

In all cases, the spectra were found to be consistent with
the expected structure. The copolymer composition was
calculated from the relative areas of the '"H NMR resonance
peaks of the a-methylene group next to ether—oxygen
(a protons) in the range 4.51-4.71 ppm and of the f aromatic
protons of the 2,6-naphthalate unit in the range 8.48-8.61
(Fig. 1). The data, summarized in Table 1, show that in all
cases the final polymer composition is close to that of the
feed.

It is well known that the random or alternate or block
nature of copolymers is an important factor which can
influence strongly their final properties. Information on the
arrangement of the comonomeric units in the chain can
be deduced by the degree of randomness b, which can be
determined by '"H NMR spectroscopy [14,15]. As can be
seen in Fig. 1, the resonance peak of the aromatic protons (f)
of naphthalene ring is really constituted by 4 singlets, due to
a magnetically different environment, corresponding to
NNN, NNT, TNN and TNT sequences resonated at 8.52,
8.54, 8.57 and 8.59 ppm, respectively, where T is tereph-
thalate unit and N is naphthalate one.

The degree of randomness is defined as [15]:

b = Pxnr + Prnn (D
being:

Pxnt = Innt/(Innn + Innt) 2
Pran = Ionn/Upnt + Itan) 3)

where Pynt and Py are the probability of finding a T unit
next to a N unit and the probability of finding N unit next to
a T unit, respectively, and Innt, Innns ITnn and Ipnt
represent the integrated intensities of the resonance signals
of NNT, NNN, TNN and TNT sequences, respectively (and

Table 1
Molecular characterization data of PPT-PPN random copolymers
Polymer PPN PPN b M,
(mol%) (mol%)
(feed) ("H NMR)
PPT 0 0.0 - 86,000
PPT-PPN8 8 7.6 0.980 89,900
PPT-PPN15 15 12.9 0.977 82,200
PPT-PPN30 30 30.8 0.972 82,100
PPT-PPN35 35 334 0.989 68,600
PPT-PPN45 45 48.6 0.965 70,100
PPT-PPN55 55 50.5 0.977 69,100
PPT-PPN65 65 58.6 0.982 70,200
PPT-PPN75 75 70.0 0.978 70,000
PPT-PPN90 90 85.6 1.089 57,600
PPN 100 100 - 71,000
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Fig. 1. 600 MHz "H NMR spectrum of PPT-PPN45 copolymer and resonance assignments with expansion of interesting aromatic region between 8.48 and

8.62 ppm.

of course Iynt=ItnN)- It has to be emphasized that b is
equal to 1 for random copolymers, equal to 2 for alternate
copolymers and is closed to zero for block copolymers.

Table 1 lists the value of b obtained for all samples
investigated. In all cases, the degree of randomness was
found closed to 1, indicating the random nature of the
copolyesters synthesized. The results obtained is not
surprising taking into account that with the progress of the
interchange reactions occurring during the melt mixing (i.e.
for long reaction times) the length of the two different
blocks gradually decrease to approach to a statistical
distribution of the repeating units [16].

As well known, in almost all polycondensates, cyclic as
well as linear molecules are contained in the bulk polymer at
the end of the polymerization. In fact, in the '"H NMR
spectra of the crude samples under investigation, signals
correlated to the presence of cyclic oligomers were detected.
It is important to eliminate them for the effects that they
might have on some properties, as found in the case of linear
and branched poly(ethylene terephthalate) (PET and PETB)
[17] and linear and branched poly(butylene isophthalate)
(PBI and PBIB) [18]. In particular, in a previous

investigation some of us found for PBI that the purified
sample crystallized faster than the as-prepared one. Such
difference was just ascribed to the presence of cyclic
oligomers in the as-prepared PBI, which behave as defects,
hindering the crystalline phase formation. As previously
reported for other polyesters [19,20], reprecipitation is a
very efficient method to extract cyclic oligomers. As a
matter of fact, in the "H NMR spectra of the purified samples
of PPT-PPN copolymers under investigation no trace of the
signals due to the protons of the cyclic oligomers was found.
The copolyesters were afterwards examined by thermo-
gravimetric analysis and differential scanning calorimetry.
The investigation on the thermal stability was carried out
both in air and under nitrogen atmosphere. From the
thermogravimetric curves in air, the temperature of initial
decomposition (7}q), the temperature corresponding to the
maximum weight loss rate (7,,,x) and the weight loss
percent at T;y were determined and collected in Table 2.
In all cases, the weight loss takes place practically in one-
step and the thermal stability of all the polymers under
investigation is quite comparable, being the samples
practically stable until to 400 °C. For all PPT-PPN
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copolymers the temperature at which the weight loss rate is
the highest turned out to be in the range 425429 °C, with
only slight differences with respect to PPT and PPN. Similar
behavior was obtained when the TGA measurements were
carried out under nitrogen atmosphere.

As regards calorimetric results, being the samples
characterized by high and similar M, an influence of
molecular weight on the glass transition and melting of the
polymers synthesized can be excluded.

It is well established that the thermal behavior of a
polymer is affected by its previous thermal history and,
therefore, each sample was annealed for 24 h at a
temperature (7,) of 30 °C below the corresponding melting
temperature (7),). As a matter of fact, annealing treatments
at the same temperature for different times showed that 24 h
are a period of time enough long to develop the highest
crystallinity degree in all samples under investigation. The
DSC traces of so-treated samples are reported in Fig. 2 and
the data obtained in Table 2.

First of all, it can be noted that in all cases multiple
melting endotherms are evident. Furthermore, in the
copolymers, peak location and heat of fusion appear to
depend on composition, both of them assuming the
minimum value at the intermediate compositions. In
particular, the increase in the amount of comonomer PN
or PT added to PPT or PPN, respectively, leads to a
decrement of the heat of fusion, indicating a reduced level of
crystallinity in the copolymers with respect to the homo-
polymers. AH,, and T, (relative to the highest temperature
melting peak) values are plotted in Fig. 3 as a function of PN
unit content, with the exception of PPT-PPN55 whose
melting temperature is not reported.

In fact, as shown in Fig. 2, in this case the value is not
experimentally detectable, the corresponding high

PPT
PPT-PPN8
PPT-PPNI5

2
% PPT-PPN30

PPT-PPN35 h
T PPT-PPN45 J\/\

PPT-PPNS55

PPT_PPN6S SN

PPT-PPN75
PPT-PPN90 J\/L
PPN _J\/./L

T T T T
20 70 120 170 220

T (°C)

Fig. 2. Calorimetric curves of annealed samples.

temperature melting peak appearing as a shoulder. Both
the minimum in the heat of fusion and the melting point-
composition dependence are typical of random copolymers,
where both comonomers are able to crystallize, regardless
of the fact that the comonomeric units present in minor
amount are completely rejected or not from the crystalline
phase [21,22]. In most of copolymers, the degree of
crystallinity decreases as the minor comonomeric unit
content increases, leading often to fully amorphous material
even at low comonomer content, due to the incompatibility
of the two units in the crystal lattice. On the contrary, if the
two crystallizable units are compatible in each crystal
lattice, cocrystallization can take place. Cocrystallization
behavior in A/B random copolymers is largely classified
into two types, i.e. isomorphism and isodimorphism. When
the two comonomeric units have similar chemical structures
and, therefore, occupy approximately the same volume, the
excess free energy for cocrystallization is very small, and,
therefore, the chain conformation of both homopolymers
becomes compatible with each crystal lattice. Isomorphism
develops when only one crystalline phase containing both
comonomeric units is detected over all the composition
range. On the other hand, copolymers may show iso-
dimorphism, when two crystalline phases are observed. The
isodimorphism in its turn is subdivided into two cases. In the
former case, each crystalline phase contains both A and B
comonomeric units; in the latter case, the A units can
cocrystallize with the incorporation of the B comonomeric
units, whereas B crystallizes with the complete rejection of
the A units. Taking into account that PPT-PPN copolymers
show a relevant crystalline phase over the whole compo-
sition range, the repeating unit of PPN has similar chemical
structure to that of PPT and due to similar crystal structure

soi L 20

AHp, 8@ Xe
(J/g) 60 - 55
3 S
40 4 & o 2 * 40
— ¢
20 - —25
240
Tln
(°C) 200 - *
160 — i
120 T T T T

Fig. 3. Composition dependence of 7}, (® ), AH,, (#) and X, (<) for PPT-
PPN random copolymers. Dashed lines and solid lines represent the Baur
model and the Wendling—Suter’s model, respectively.
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Table 2

Thermogravimetric and calorimetric data of PPT-PPN random copolymers

Tec (°C)

Second scan
T, (°C)
47

First scan®
T, (°C)

195

% at Tid Tmux (OC)

Tia (O

Polymer

AH, (J/g)

58

T (°C)
225
214
211

AH, (J/g)

43

T. (°C)

76
88
101
138
152

Ac, (J/g °C)
0.396
0.354
0.349
0.334

AHy, (J/g)

77
70
62
52
48

Tin (°C)

227
221
212
192
185

179
167
157

429
427
425
427
427
425
427
428
426
428
426

1.1

0.7

410
409
406

PPT

48

37
35
27

50
52
57
59
65
67
71

190

PPT-PPN8

4

180
160

1.2

0.2

PPT-PPN15

132

27

190
183

408
411

PPT-PPN30

o

0.325
0.310

150
135
115
135

0.8

PPT-PPN35

37
35
29
34
42

169
150

407 0.7

410

PPT-PPN45

0.304
0.292
0.283

0.9

PPT-PPN55

169
176

1.0
1.0

408
0.7

407

PPT-PPN65
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75

140
165
175

PPT-PPN75

82 0.272

87

199
207

406
406

PPT-PPN90O

PPN

153

0.256

47

0.4

# On samples annealed for 24 h at T,.

and chain conformation of the two polymers, cocrystalliza-
tion is highly probable. In order to check the nature of the
crystalline phase present in the polymers under investi-
gation, X-ray analysis was performed. The data were
collected at room temperature and each sample before
measurement was annealed for 24h at 7,. The X-ray
diffraction patterns of PPT, PPN and PPT-PPN copolymers
are reported in Fig. 4, where both PPT and PPN show well-
defined sets of crystalline diffraction peaks.

As previously reported [13], PPN is characterized by two
different crystal structures, denoted as o-form and B-form,
depending upon the crystallization temperature. By compar-
ing the X-ray profile of the plain PPN with literature data
[13], it results that under the applied experimental
conditions our sample develops the o-form. As far as the
copolymers are concerned, the corresponding WAXD
patterns appear to be characterized by relatively intense
diffraction peaks over the whole composition range. More-
over, considering the profile shapes, it can be deduced that
only one crystalline phase is present in each sample. The
patterns can be divided into two groups, according to the PN
content: the samples containing from 8 up to 55 mol% of PN

crystalline
phase

Polymer

PPT PPT-PPNS|

PPT-PPN35

PPT-PPN45

PPT-PPNS55

RELATIVE INTENSITY

PPT-PPN65

PPT-PPN75

PPT-PPN90O

PPN

10 20 30 40 50
260)
Fig. 4. Wide-angle X-ray diffraction profiles of PPT, PPN and PPT-PPN

random copolymers. The indexes of the most intense reflections are
reported.
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units are characterized by X-ray patterns very similar to that
of PPT, indicating that the crystal structure which develops
in these copolymers has the characteristics of PPT lattice.
On the contrary, the copolymers with PN unit content higher
than 55 mol% crystallize assuming the lattice of the PPN
B-form. A considerable widening of the diffraction peak
width is observed in the copolymers, where the PT/PN ratio
approaches to 1, indicating that a shortening of the mean
extension of the ordered domains takes place, due to the
presence of an increasing number of ‘foreign’ units which
induces defects and less ordered crystals.

It has to be emphasized that the crystal structures of PPT
and B-PPN are similar, differing mainly in the c-axis
dimension and in the B angle value (of the crystalline cell),
being indeed the position of the chains relative to the
crystallographic axes essentially the same. In this view, and
taking also into account that a crystalline phase develops
over the whole composition range, cocrystallisation can be
hypothesized to occur. In order to check this hypothesis, the
crystallinity degree (X.) was evaluated for all the samples
under investigation by means of the fitting procedure
described in the Section 2. As an example, a typical plot
showing the estimated amorphous contribution to the total
intensity profile is shown in Fig. 5 for the PPT-PPN90
sample.

The crystallinity degrees for all the samples are reported
in Fig. 3 as a function of composition. It is evident that the
copolymerization causes a decrease in the X. value,
indicating that the PN or PT monomeric units are not easily
inserted in the crystal lattice of PPT or B-PPN, respectively.
However, in all cases, the amount of amorphous fraction
turns out to be lower than the value corresponding to the
complete rejection of the ‘foreign’ units from the crystalline
phase present in the sample, suggesting, therefore, that at

RELATIVE INTENSITY

10 20 30 40 50 60

Fig. 5. Graphical output of the least-square routine used in the calculation of
the amorphous content of PPT-PPN90. Circles represents the observed
intensities, the continuous line the calculated ones. The dashed line is the
sum of background and amorphous phase contributions.

least a certain amount of comonomeric units enter into the
crystal lattice.

The transition from PPT type to B-PPN type crystals
occurs at a composition near to 55 mol% of PN units, which
corresponds to the eutectic composition for the melting
temperature. The eutectic composition is defined as the
copolymer composition corresponding to the intersection
point of the melting temperature curves. Lastly, quite
interestingly, the copolymers rich in PN units are charac-
terized by the crystal structure of B-PPN, differently from
plain PPN which crystallizes in the a-form. This behavior
was already described in the literature in the case of
poly(hexamethylene terephthalate-co-hexamethylene 2,6-
naphthalate) copolymers [23] and for PPT-PPN copolymers
could be explained as due to the high likeness between the
crystal structures of PPT and B-PPN, permitting, therefore,
an easier accommodation of the ‘foreign’ counits.

Several theories have been developed to explain
copolymer crystallization and are commonly classified
into two categories: the comonomer exclusion [24,25] and
the comonomer inclusion model [26,27]. In particular, when
only one counit can crystallize, the second one being
completely excluded from the crystals, the melting point
reduction is usually examined using Flory’s equation.
Flory’s treatment [24], commonly used in the past and
derived assuming that the fusion concerns the disappearance
of long sequences of crystallizable units, underestimates the
melting point depression of random copolymers. As a
matter of fact, the concentration of long sequences decreases
with increasing counit content, and the experimental T},
values are consequently lower than postulated by the theory.
On the contrary, the equation proposed by Baur [25] takes
into account the effect of sequence length of crystallizable
units which can crystallize only when their length
corresponds to the crystal thickness. Wendling and Suter
[28] have recently proposed a new model, which combines
the Sanchez—Eby’s model [26] (comonomer inclusion
model) with the Baur’s one [25] (comonomer exclusion
model).

The Wendling—Suter equation is given by:

o1
T.Xg) T
R |eXcp 1 —Xcp XcB -1
= + (1 — Xcp)ln——2 + Xcgn =2 + (€ 4
AHO | RT ( cB) =X, caln 3~ ) “4)
@ =2Xg — Xge )1 — Xg + Xge ") (5)

where T2 and AHY, are the equilibrium melting temperature
and the heat of fusion of homopolymer, respectively, R the
gas constant, Xg the molar fraction of B units in the
copolymer, Xcp that of comonomer B units in the cocrystal,
¢ the average defect Gibbs free energy, and (£) the average
length of the crystallizable copolymer sequences.

In the equilibrium comonomer inclusion [26,27], the
concentration of comonomer B units in the crystal formed
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by A units is given by:

XBe—é‘/RT
1— XB + XBeig/RT

When Xcg in Eq. (2) is substituted by Eq. (4), Eq. (2)
turns out to be simplified and becomes:

1 1
T TulXp)
R [In(1 — Xp + Xge A7) — (&)™
A Hg] B B
when Xcg=Xp and Xcg=0 (¢ — ®), Eq. (2) leads to the
uniform inclusion model and the exclusion model (the
Baur’s model), respectively.
As shown in Fig. 3, the Wendling—Suter equation (Eq.
(7)) fits well the experimentally determined melting points
of the copolymers, using for PPT T0 = 237 °C and AH, =
30 kJ/mol [29] and for PPN B crystal Tg1 =223°C and A
H,% =26 kJ/mol [13]. In the same figure, the theoretical
curve obtained on the basis of Baur’s model is also drawn
for sake of comparison: the experimental data of PPT-PPN
copolymers are in general higher than the predicted values,
the discrepancy being more relevant at high content of the
counits present in the copolymer. Moreover, it can be noted
that the difference between the experimental and theoretical
melting points is higher for the copolymers that crystallize
in the PPN B type crystal lattice.
From the intersection of the melting temperature curves,
the eutectic composition is estimated to be in correspon-
dence of 55 mol% PN, in perfect agreement with the results
obtained by means of the X-ray diffraction measurements
and reported above. The Wendling—Suter’s equilibrium
inclusion model can be also employed to determine the
average defect free energy. This latter was found to be 0.318
and 0.907 kJ/mol for the homopolymers PPT and PPN,
respectively. As can be seen, the value of ¢ corresponding to
the incorporation of PT units into PPN crystal lattice is
higher, indicating that the amount of PT units incorporated
in PPN B-form crystals is much higher than the amount of
PN units which cocrystallizes in the PPT crystalline phase.
This is probably due to the larger molar volume of the PN
units compared to the PT ones. As a result, the PN units
accommodate themselves into PPT crystal lattice with a
certain difficulty. On the contrary, the PT units are readily
incorporated into PPN f type crystal lattice.
By using Eq. (3) with the defect free energies and the
T.’s of the copolymers, the concentration (Xcg) of
comonomeric units in the cocrystal can be estimated.
When Xcgp is plotted against Xg, as shown in Fig. 6, one can
observe that the comonomer concentration in each crystal
lattice increases with increasing the comonomer compo-
sition in the bulk.
In both cases, however, the comonomer concentration in
each crystal lattice is lower than that based on the uniform
inclusion model (Xcg = X3), indicating that a fraction of the
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Fig. 6. Concentration of PN and PT units incorporated in the PPT and PPN
crystals, respectively, as a function of copolymer composition. The dashed
line is based on the uniform inclusion model.

comonomeric units is rejected in the amorphous phase.
These results appear in agreement with those obtained by
means of X-ray diffraction measurements.

As mentioned above, multiple melting peaks are present
in the DSC traces of PPT, PPN and PPT-PPN copolymers
(Fig. 2). It is worth remembering that the multiple melting
peaks has been the subject of intense studies and has given
rise to much controversy. At present, two main hypothesis
have been proposed to take into account for this phenom-
enon: (i) melting and recrystallization processes occurring
during the calorimetric scan [30-32] and (ii) existence of
different crystal structures [33-35]. As well known from the
literature [3,36,37], the multiple melting endotherm
phenomenon observed in PPT and PPN has been ascribed
to a reorganization process taking place during the DSC

scan, due to a mechanism based on melting and recrystalli-
zation of less perfect crystallites into thicker crystals,
followed by a final melting process at higher temperature.
Therefore, the multiple melting peaks present in the DSC
traces of the copolymers can be hypothesized to have the
same origin. In order to confirm the possibility of melting—
recrystallization processes, the effect of the heating rate on
the melting phenomenon was evaluated. As shown in Fig. 7,
the magnitude of melting peak I increases as the heating rate
is increased, contrarily to the high temperature melting peak
IL, the intensity of which regularly decreases with increasing
the heating rate.

The higher value of the heat of fusion of the melting
peak I at the faster heating rate indicates that the crystals
formed at T, have not enough time to melt and recrystallize,
confirming, therefore, the mechanism based on melting and
recrystallization of less perfect crystallites into thicker
crystals melting at higher temperature [31]. Moreover,
analyzing in more detail the Fig. 2, one can observe that the
ratio between the area of the lowest temperature melting
peak to the highest temperature one appears to depend on
composition, increasing as the amount of PN or PT counits
added to PPT or PPN, respectively, is increased. In the case
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Fig. 7. DSC melting endotherms of PPT-PPN8 and PPT-PPN90 (annealed
for 24 h at T,) scanned at the indicated heating rates. The curves have not
been corrected for changes in the instrumental signal with heating rate.

of PPT-PPNS55 copolymer, only one endotherm with a
shoulder is evident. The observed trend suggests that the
occurring of the recrystallization process is influenced by
the comonomer unit content, being the phenomenon
practically hindered by the presence of a relatively high
content of ‘foreign’ units (as in the case of PPT-PPN55). In
order to obtain a confirmation of this hypothesis the
crystallization kinetics under non-isothermal conditions
was analysed (for the details see Section 2). It is worth
remembering that the half-time of primary crystallization in
isothermal experiments correlates with the temperature of
the maximum of the crystallization peaks in non-isothermal
experiments (7..) [38], being this latter more easily
obtainable. The exothermic crystallization peaks of the
samples under investigation are shown in Fig. 8, with the
exception of the copolymers containing from 90 to 35 mol%
of PN units being these samples not able to crystallize even
though cooled from the melt at low rate (5 °C/min).

Such behavior indicates, therefore, that in these copoly-
mers the crystallization rate of PPN or PPT is significantly
decreased by the presence of comonomeric units. In
particular, a low amount of PT units (10 mol%) is sufficient
to depress completely the crystallisation process of PPN
under the adopted experimental conditions. Moreover, it can
be observed, as also shown in the inset, reporting 7. values
as a function of composition, that the temperature of the
maximum of the exothermal crystallization peak regularly
decreases as the PN unit content is increased. This fact
indicates a decrement of the overall crystallization rate of
PPT, due to the presence of counits which act as obstacles in
the regular packing of polymer chains.

It is well known that a partially crystalline material
usually exhibits a different glass transition behavior than the
completely amorphous analogous. In fact, although some
conflicting results are reported in the literature [39],
crystallinity usually acts like cross-linking and raises T,
through its restrictive effect on the segmental motion of
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Fig. 8. DSC crystallization exotherms of PPT and PPN and PPT-PPN
random copolymers cooled from the melt at 5 °C/min. In the inset: T, as a
function of PN unit content.

amorphous polymer chains. Therefore, in order to study the
influence of chemical structure on the glass transition of
random copolymers, the phenomenon should be examined
in the total absence of crystallinity. In this view, all the
samples under investigation were subjected to rapid cooling
(quenching) from the melt (see Section 2 for the details). In
order to completely prevent crystallization and obtain
polymers in a completely amorphous condition, each
sample was quenched outside the calorimeter cell by
immersion in liquid nitrogen as quickly as possible. As a
matter of fact, such method permits a faster cooling with
respect to that obtained inside the DSC equipment. The DSC
curves after melt quenching are shown in Fig. 9: the
calorimetric traces of PPT and PPT-PPN copolymers
containing up to 35 mol% of PN units show a glass
transition followed by an exothermal ‘cold crystallization’
peak and a melting endotherm at higher temperature.

As concern PPT, PPT-PPN8 and PPT-PPNI15, the
enthalpy associated with the crystallization phenomenon is
lower than that of the fusion endotherm, indicating that
these samples cannot be frozen into a completely amor-
phous state by quenching. The DSC curves of such samples
are, therefore, typical of partially crystalline polymers. As a
matter of fact, it is well known that PPT cannot be easy
frozen in an amorphous glassy state due to its high rate of
crystallisation [40].

In the case of PPT-PPN30 and PPT-PPN35, the enthalpy
of crystallization very well compares with the correspond-
ing heat of fusion, indicating that both copolymers are
completely amorphous. As regards the calorimetric curves
of pure PPN and copolymers containing from 45 to
90 mol% of PN units, only an intense endothermal baseline
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deviation associated with the glass transition is observed.
Therefore, the DSC scans indicate a quite different thermal
behavior of PPN and PPT homopolymers: in fact, the former
is completely amorphous, whereas the latter is partially
crystalline. Moreover, the phase behavior of PPT-PPN
copolymers depends on composition: as a matter of fact,
after melt quenching, semicrystalline samples are exclu-
sively obtained at high PPT content. As can be seen in Fig. 9
and from the data collected in Table 2, the glass transition
temperature is influenced by the amount of PN units in the
chain. The values of T} are plotted in Fig. 10 as a function of
PN unit content. The values of T, of partially crystalline
PPT and PPT-PPN copolymers containing 8 and 15 mol%
of PN units do not follow the same composition dependence
as that of the amorphous samples: in fact, the measured
glass transition temperature value is higher than expected,
the crystallites hindering the motion of the amorphous
chains. As far as the trend of the glass transition temperature
with the composition is concerned, one can observe that 7
values increase as PN unit content is increased, due to the
stiffening effect of naphthalene rings in the polymeric chain.

In amorphous random copolymers, T, is usually a
monotonic function of composition [41] and the most
common relationship used to predict 7, as a function of
comonomer content is the Fox equation [42]:

I/Tg = WI/TgI + WII/TgH (8)

where T,; and Ty are the glass transition temperatures of
the pure homopolymers and wy and wy; the respective weight
fractions.

As shown in Fig. 10, the equation fits well the
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Fig. 9. Calorimetric curves of PPT, PPN homopolymers and their random
copolymers after melt quenching.
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Fig. 10. Composition dependence of T, for PPT-PPN random copolymers;
theoretical curves of T, vs. composition calculated on the basis of Fox
equation (solid line).

experimental data of the completely amorphous samples,
using for PPN the glass transition temperature experimen-
tally measured by us, and fixing for PPT the value of 42 °C,
reported in the literature [29].

4. Conclusions

A series of PPT-PPN random copolymers with different
composition were obtained by melt mixing, an easy and
rapid method of preparation. The investigations carried out
on this copolymeric system lead to some interesting results
on the effect of comonomeric units on the thermal properties
of PPT and PPN. Composition appears to be the prominent
parameter in determining the characteristics of the samples
under investigation. The thermal stability, crucial factor
during the processing of a polymeric material, was found to
keep good for all the copolymers. Both calorimetric and
WAXD results indicate that PPT-PPN copolyesters showed
an isodimorphic cocrystallization behavior, the samples
crystallizing in either of the PPT or PPN lattices, depending
on composition, and the crystalline phase being conspicuous
over the whole composition range. All experimental
evidences agree in locating the eutectic composition in the
vicinity of 55 mol% of PN units content. The T}, values
appear to be well correlated to composition by Wendling—
Suter’s equation, permitting the determination of the
average defect free energies for the homopolymers PPT
and PPN; the value of ¢ corresponding to the incorporation
of PT units into PPN crystal lattice was found to be higher,
indicating that PPN crystal lattice accommodates higher
amounts of propylene terephthalate units. Moreover, the
applicability of Wendling—Suter’s equation can be con-
sidered a further, even though indirect, evidence of
the occurring of cocrystallization in the copolymers
under investigation. The compatibility of the two crystal-
lizable comonomeric units with each crystal lattice
(i.e. cocrystallization) can be considered an interesting
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result, since, it is expected that thermal and mechanical
properties of the copolymer can be controlled without
significant loss of crystallinity through the variation of the
copolymer composition. As far as the melting phenomenon
is concerned, multiple endotherms were found in the
copolymers, similarly to PPT and PPN; such behaviour
was ascribed to a reorganization process occurring during
the DSC scan. Interestingly, the kinetics of recrystallization
process appeared to be affected by composition, its rate
becoming lower as the amount of ‘foreign’ units was
increased. As a matter of fact, non-isothermal crystallisation
kinetics studies showed that the rate at which crystallinity
develops strongly depends on composition too, being slower
when the copolymer composition is close to the eutectic
one. The DSC scans performed after rapid cooling from the
molten state, indicate a quite different thermal behavior of
PPN and PPT homopolymers, the former being completely
amorphous, the latter partially crystalline. As far as the
copolymers are concerned, their behavior appears to be
strongly affected by composition, amorphous or semicrys-
talline samples being obtained at high PPN or high PPT
content, respectively. Lastly, amorphous samples showed a
monotonic increase of the glass transition temperature as the
amount of PN units is increased, due to the stiffening effect
of naphthalene rings in the polymeric chain.

In summary, the present results clearly support the
occurrence of cocrystallization in PPT-PPN copolymers and
point out concomitant impressive composition effects on the
thermal properties.
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