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Abstract: The crystallization and melting behaviors of poly(trimethylene terephthalate) (PTT)
have been studied by differential scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD),
and solid-state NMR. At certain crystallization temperatures (T.) for a given time, the isother-
mally crystallized PTT exhibits two melting endotherms, which is similar to that of PET and
PBT. At higher crystallization temperature (T. = 210 °C), the low-temperature endotherm is
related to the melting of the original crystals, while the high-temperature endotherm is associated
with the melting of crystals recrystallized during the heating. The peak temperatures of these
double-melting endotherms depend on crystallization temperature, crystallization time, and cool-
ing rate from the melt as well as the subsequent heating rate. At a low cooling rate (0.2 °C/min) or
a high heating rate (40 °C/min), these two endotherms tend to coalesce into a single endotherm,
which is considered as complete melting without reorganization. WAXD results confirm that
only one crystal structure exists in the PTT sample regardless of the crystallization conditions
even with the appearance of double melting endotherms. The results of NMR reveal that the
annealing treatment increases proton spin lattice relaxation time in the rotation frame, TlpH, of the
PTT. This phenomenon suggests that the mobility of the PTT molecules decreases after the
annealing process. The equilibrium melting temperature (T;,) determined by the Hoffman-Weeks
plot is 248 °C.
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Introduction

Poly(trimethylene terephthalate) (PTT) with
three methylene groups in the backbone is a linear
aromatic polyester. PTT is obtained by transesteri-
fication and polycondensation using trimethylene
glycol and terephthalic acid in the melt phase with
tetraisopropyl titanate as the catalyst [1-3] that has
the following structure:
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PTT has been investigated recently as an engineer-
ing thermoplastic and as a matrix for fiber-reinforced
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composites [4,5] due to its attractive mechanical
properties and rapid crystallization rate. From a sci-
entific viewpoint, information from PTT coupled
with corresponding data from poly(ethylene
terephthalate) (PET) and poly(butylene terephthalate)
(PBT) make knowledge on this polyester family more
complete.

High-resolution solid-state NMR is a powerful
and effective tool for studying the molecular struc-
tures and molecular dynamics of polymers and its
use is growing rapidly [6,7]. In particular, proton
spin lattice relaxation time in the rotation frame,
TlpH, and transverse relaxation time, T,, were fre-
quently used to provide information on polymer in-
vestigations [8]. In a previous paper [9], we re-
ported that both the crystallization temperature and
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time affect the relaxation time of polyamide-6 (PA6)
in the blend. Furthermore, solid-state NMR can
monitor the conformational changes for poly
(ethylene terephthalate) (PET) that has been treated
at different thermal conditions. It is interesting to
compare the relaxation time with crystallinity of
polymers by means of solid-state NMR and DSC
measurement [10].

Differential scanning calorimetry (DSC) ther-
mogram of PTT shows two melting endotherms. Dif-
ferent crystal structures have been reported to cause
the multiple melting endotherms for isotactic poly
{propylene) and poly(vinylidene fluoride) [11,12].
Simultaneous melting and recrystallization has been
found as the origin of double melting for PET [13],
nylon 66 [14,15], and isotactic polystyrene [16]. Lee
et al. [17,18] has reported that the double endot-
herms of PEEK are resulted from the sum of four
contributions: partial melting of the original crystals,
their recrystallization, melting of recrystallized
crystals, and melting of core crystals. Similar to
PEEK, PTT also shows double melting endotherms
in the DSC thermogram but so far no detailed data
has been reported on the melting behaviors of PTT.
The purpose of this paper is to investigate the
nonisothermal and isothermal crystallization of
PTT.

Experimental

1. Materials

Poly(trimethylene terephthalate) (PTT) was ob-
tained from the Shinkong Synthetic Fibers Co.
(Taiwan) in the form of pellets. The intrinsic vis-
cosity (I.V.) of PTT in a 60/40 mixed solvent of
phenol and tetrachloroethane at 25 °C was measured
to be 0.80 dL/g.

2. High-resolution solid-state NMR measurements

High-resolution solid-state '"C NMR experi-
ments were carried out on a Bruker DSX-300 spec-
trometer operating at resonance frequencies of
300.13 and 75.475 MHz for 'H and "C, respectively.
"C CP/MAS NMR spectra were measured by the
following conditions: 90° pulse width, 3.9 us; pulse
delay time, 3 s; acquisition time, 30 ms. All NMR
spectra were recorded with broad band proton
decoupling (v, = 64 KHz), and a conventional cross-
polarization pulse sequence. The magic-angle
sample spinning (MAS) rate of 4 KHz was used to
avoid overlapping resonance lines. Proton spin-lat-
tice relaxation times in the rotating frame (TlpH) were
measured indirectly via carbon observation with a
spin lock pulse prior to cross-polarization. Data ac-
quisitions were performed with 'H decoupling (v, =

64 kHz), using spin-lock times ranging from 0.2 to
12 ms. The contact time was 1.5 ms.

3. Wide-angle X-ray diffraction

X-ray diffraction (XRD) was performed on the
PTT samples prepared as thin discs in the DSC. The
XRD studies were conducted on an INEL MPD-
diffractometer using the Ni-filtered Cu K, (A =
1.541 A) radiation at 30 mA, 40 KV, and 26 rang-
ing from 5° to 35°.

4. Differential scanning calorimetry measurements

The glass transition temperature (Ty) of PTT
was determined using a Perkin-Elmer DSC-7. About
4 mg sample of PTT was placed in the DSC pan and
heated above the melting temperature for 5 min. The
sample was then quenched into a liquid nitrogen bath.
Upon reheating at 10 °C/min, an inflection point as
the glass transition temperature was observed. For
the equilibrium melting temperature measurement,
the PTT sample was melted at 260 °C for 5 min
under a nitrogen atmosphere to erase previous ther-
mal histories. The sample was subsequently
quenched at a rate of 300 °C/min to the desired crys-
tallization temperature (T.). After crystallization for
24 h, the sample was immediately heated up from
T. to 270 °C at a heating rate of 10 °C/min. The
peak temperature of the endotherm was considered
as the melting point of the sample. For nonisother-
mal crystallization study, the PTT samples were
melted at 260 °C for 5 min and then cooled from
260 to 30 °C at various rates (0.2 to 80 °C/min).
Sub-sequently, the samples were reheated from
room temperature to 260 °C at a heating rate of
10 °C/min. The crystallinity of the samples was
obtained from DSC data. From the measured heat
of fusion AH,, an apparent degree of crystallinity is
calculated as follows:

Xpsc = AH/AH° (1)

where AH® is the heat of fusion of fully crystalline
PTT. A value of 30 kJ/mol has been adopted for
AH® [19].

Results and Discussion

1. High-resolution solid-state NMR studies

“C CP/MAS NMR spectrum of PTT is shown
in Figure 1. The combination of dipolar decoupling
and magic-angle spinning (MAS) results in suffi-
ciently high resolution to resolve the carbonyl car-
bon (8, = 165.5 ppm), aromatic carbons (130.3 and
133.7 ppm), and methylene carbons (62.3 and 27.6
ppm). The magnetization decay curves of the "*C
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Figure 1. '*C CP/MAS NMR spectrum of PTT. Asterisks denote
spinning sidebands.
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Figure 2. Semi-logarithmic plots of the magnetization intensity
of methylene (62.3 ppm) as a function of spin-lock time for PTT
annealed at different temperetures.

signal of methylene carbon (62.3 ppm) for the vir-
gin PTT and the annealed PTT are plotted on a loga-
rithmic scale vs proton spin-lock time, as shown in
Figure 2. From the Figure, proton spin lattice re-
laxation time in the rotation frame TlpH can be cal-
culated from the slope of the line, and the results
are summarized in Table I. It is well known that
annealing treatment has a pronounced effect on the
physical properties of polymers. Particularly, an-
nealing above T, causes densification and formation
crystalline domains. The TlpH value (62.3 ppm) in-
creases from 6.12 ms for the virgin PTT to 14.40 ms
for the PTT sample annealed at 200 °C for 1h. The
T)," data shown in Table I indicates that the relax-

Table I. T|pH values of PTT at various annealing temperatures
for I h.

Annealing Ty," (ms)

‘ig‘i’e‘a‘“‘e 62.3 130.3 133.7 165.5
O (ppm) (ppm) (ppm) (ppm)
virgin PTT 6.12 5.68 5.50 6.22
160 10.80 8.66 9.78 9.20
200 14.40 16.54 14.24 14.87
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Figure 3. WAXD patterns for PTT cooled to room temperature
at different cooling rates: (a) -60 °C/min, (b) -10 °C/min, and
(¢) -0.2 °C/min.

ation time in the rotating-frame is sensitive to the
thermal histories of the PTT samples. It is evident
that higher annealing temperature results in longer
T, value. The increased T, value of the methyl-
ene-carbon is also a result of increasing crystallinity,
which further inhibits motion in the amorphous
region. This means that the annealing treatment in-
creases the relaxation time in the rotating frame and
reduces the mobility of the PTT molecules.

2. Wide-angle X-ray diffraction (WAXD)

The X-ray diffraction patterns for samples pre-
pared in the DSC at different cooling rates (60, 10,
and 0.2 °C/min) from the melt are shown in Figure
3. The intensity of scattering is plotted as a func-
tion of 20 and the crystal lattice is also designated
[20]. The result in Figure 3 shows that the breadth
(half-width) of the diffraction peak becomes sharper
with decreasing cooling rate from the melt, indicat-
ing that the size of the crystallite becomes larger
and the spherulite becomes more complete.
Therefore, the long-period of the annealed specimen
would increase as the cooling rate is decreased.
However, all these PTT samples exhibit similar dif-
fraction patterns, implying that the crystal lattices
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Figure 4. DSC heating trace for PTT quenched from the melt

and the subsequent cooling trace. Heating and cooling rates are
10 °C/min,

of these PTT samples do not change with different
cooling rates. These PTT samples may show one or
two melting endotherms in DSC scan but have the
Same WAXD patterns. This indicates that only one
Crystal structure exists in these PTT samples regard-
less of the crystallization conditions.

3. Nonisothermal crystallization behavior

DSC heating trace for PTT quenched from the
Mmelt and the subsequent cooling trace are shown in
Figure 4. It is evident that there is a distinct glass
transition temperature (T, = 44 °C), an exothermic
recrystallization peak (T,. = 70 °C), and an endot-
hermic melting peak (T, = 228 °C) in the heating
SCan. The recrystallization exotherm is due to the
rapid cooling of the melt specimen into liquid
Ditrogen, making the full crystallization difficult.
From the subsequent cooling scan (10 °C/min), there
1S a crystallization peak T, at 183.9 °C. The mea-
Sured glass transition temperature T, =44 °C is very
close to T, = 45 °C reported by Gonzales et al. [2]
and T, = 42 °C reported by Pyda et al. [19]. The
DSc heating scans for PTT samples, which were
Cooled at different rates from the melt to room
temperature, are shown in Figure 5. The specimen
Prepared from the lowest cooling rate (0.2 °C/min)
gives only one major endotherm with a small shoul-
d_el‘ on the high temperature side. An apparent split-
ting of the main peak first appears when the cooling
rate is 0.4 °C/min. When the cooling rates are higher
Fhan 0.4 °C/min, the melting behavior is character-
1zed by two distinct endotherms. Furthermore, the
10W-temperature endotherm T,,1 decreases its peak
temperature and its heat of fusion with increasing
Cooling rates. All of the heating scans are con-
ducted at a rate of 10 °C/min. From Figure 5(b),
One can see that the peak width of the high-tempera-
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Figure 5. DSC heating traces for PTT cooled to room tempera-
ture with different rates: (a) slower and (b) faster cooling rate.

ture endotherm T2 increases slightly with the in-
crease of the cooling rate from the melt, implying
that the distribution of crystal sizes increases as the
cooling rate is faster. The effects of cooling rate on
the melting peaks show that two melting endotherms
appear for the samples crystallized with the inter-
mediate cooling rates, while only one melting en-
dotherm presents for the higher cooling rate. Since
cooling rate increases further, there is no sufficient
time for specimen to crystallize during cooling scan,
therefore, only one melting endotherm T,,2 indicat-
ing the melting of the primary crystals.

The peak temperatures in Figure 5 are plotted
against logarithmic cooling rate as shown in Figure
6. For these two peak temperatures, Tyl shows a
nearly linear relationship with the logarithm of the
DSC cooling rate. A similar result has also been
reported for poly(butylene terephthalate) (PBT) [21].
The results of the nonisothermal crystallization de-
termined from DSC are summarized in Table II,
where the heat of exotherm (AH.) decreases with
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Table II. Results of nonisothermal crystallization.

Cooling  Crystallization Melting Crystallinity
rale  Onmse Peak AH. Tnl Tn2 AHn  Xpsc
CCmin) o)y o) Wy O O A (B
0.2 212.4 2119 65.7 2241 - 7241 497
0.5 211.6 208.0 61.8 221.0 227.5 6582  45.2
1 208.5 204.0 58.1 219.5 227.5 6221  42.7
2 205.1 200.2 56.6 216.5 227.6 59.04  40.5
5 198.4 191.2 51.4 212 227.3 56.08 385
10 192.5 1839 489 - 2285 5432  37.3
20 185.0 175.3 46.6 - 2287 54.0 37.1
40 176.6 163.4 458 — 2286 53.82  37.0
60 169.7 1537 449 - 2285 5378  37.0
80 164.1 144.8 438 — 228.8 53.64 368
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Figure 6. T,;1 and T2 of PTT as a function of cooling rate.

increasing cooling rate as would be expected.
Moreover, both the onset and peak temperatures of
the crystallization depend on the cooling rate as
shown in Figure 7. It can be seen that both the peak
onset and peak temperatures of crystallization show
the same trend, i.e., they occur at lower tempera-
tures as the cooling rate is increased. Low crystalli-
zation temperature leads to relatively thin crystals
and results in relatively low melting point. One can
see that the difference between the peak onset and
peak maximum also increases with increasing cool-
ing rate. Thus, the breadth of the crystalline distri-
bution increases with increasing cooling rate. This
result is consistent with the WAXD patterns (see
Figure 3), where the peak width is broader at higher
cooling rate. Furthermore, the degree of crystallin-
ity decreases when the cooling rate is increased, as
shown in Table II.

4. Effect of crystallization time

Figure 8 shows the DSC heating curves of the
PTT samples isothermally crystallized at 180 °C for
different periods of time. A small endothermic peak
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Figure 7. Onset and the peak of the crystallization exotherm as a
function of cooling rate.
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Figure 8. DSC traces of PTT crystallized at 180 °C for different
periods of time.

appears just above 180 °C when the sample is sub-
jected to the crystallization of 10 min. In addition,
this low-temperature melting peak (T1) shifts to-
ward high temperature and increases the heat of fu-
sion with the increase of the crystallization time.
However, the high-temperature endotherm locating
at ca. 228 °C appears to be independent of the crys-
tallization time. The appearance of low-tempera-
ture endotherm during crystallization is associated
with the formation of imperfect crystals which de-
pend on crystallization temperature and crystalliza-
tion time. For comparison, DSC heating traces of
PTT isothermally crystallized at 210 °C from 10 to
360 min are shown in Figure 9 and the results are
also tabulated in Table III. When the specimen was
crystallized for 10 min, the low-temperature endot-
herm appears just before T2 and the area of T 1
increases rapidly with crystallization time. The gen-
eral trends for the Tl are that both melting heat
and peak temperature increase gradually with the
increase of crystallization time. After long-time
crystallization (360 min) the T2 endothermic peak
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Table III. The effects of heating rate and crystallization time on
the thermal data for PTT crystallized at 210 °C.

Cooling Crystallization Melting Crystallinity
rate time
SN . T2 AHp, Xpsc
(°C/min) (min) ©C) (J/e) (%)
5 60 228.8 57.2 39.3
10 60 228.3 56.8 39.0
20 60 228.0 56.5 38.7
40 60 - 55.9 38.3
10 10 227.8 53.1 36.5
10 60 228.3 56.8 39.0
10 360 - 61.6 42.3
Crystallized at 210 °C
i Crytallization time
| 360 min ml
°
€
LI_J' Tmr)
60 min m
| 1Omin Tml ToZ
T T T L
140 160 180 200 220 240

Temperature (°C/min)

Figure 9. DSC traces of PTT crystallized at 210 °C for different
periods of time.

diminishes completely and eventually gives only the
Tl endotherm. Furthermore, T;,1 moves to a higher
temperature (225.5 °C), which is 3 °C higher than
that of the low- temperature endotherm produced by
a 10 min crystallization. The increase in peak tem-
perature and heat of fusion of the T,,1 endotherm is
an indication of gradual perfection in crystallization
and that the T,2 endotherm is associated with the
melting of the recrystallized crystals. A similar re-
sult has been reported for PET [13] and nylon 6,6
[16,17]. Roberts et al. [13] reported that annealing
causes an increase in the melting temperature of all
crystals. For those melted crystals, the driving force
for recrystallization is lower because of a lower de-
gree of supercooling. The net effect is that, the
melting temperature for the crystalline material as a
whole increase, the amount of material which has
sufficient time to recrystallize decreases.

5. Effect of heating rate

In order to confirm the claim that recrystalliza-
tion is the cause of the double melting behavior of
the PTT, DSC heating traces for PTT isothermally
crystallized at 210 °C for 1 h with different rates

Heating rate
40 °C/min

20 °C/min

10 °C/min

Endo

5 °C/min

LS ML A L B L L L

40 60 80 100 120 140 160 180 200 220 240 260
Temperature (°C)

Figure 10. DSC traces of PTT crystallized at 210 °C for 1 h at
various heating rates.

are shown in Figure 10. As the heating rate is
increased, the low-temperature melting endotherm
Tyl increases in size (relative to T,2) and peak
temperature, while the high-temperature melting en-
dotherm T2 decreased in size and peak temperature.
However, the total heat of fusion does not change
drastically with different heating rates as shown in
Table III. A similar behavior was reported for PEEK
isothermally crystallized at 220 °C [17]. When the
heating rate is increased, the time allowed for re-
crystallization decreases and thus results in a smaller
high-temperature melting endotherm and a larger
low-temperature endotherm. It can be seen in Fig-
ure 10 that at a heating rate of 40 °C/min, the two
distinct melting endotherms appear to coalesce into
a single endotherm due to a lower supercooling and
less time allowed for recrystallization. It is note-
worthy that the breadth of the coalesced endotherm
is broader at this higher heating rate. From this
result, the heating rate of 40 °C/min appears to be
enough to minimize the reorganization during the
heating in the DSC. As the heating rate exceeds 40
°C/min, the peak temperature of the merged single
endotherm shifts to higher temperature. This may
be due to the lower thermal conductivity of the
polymer.

6. Equilibrium melting temperature

Figure 11 shows the typical melting behavior
of PTT isothermally crystallized from 200 to
219 °C for 24 h. The variation of the observed
melting temperature with the crystallization tempera-
ture is shown in Figure 12. In the range of T, in-
vestigated, the T,, of PTT increases almost linearly
with T, according to the Hoffman-Weeks equation
[22]:

Ton=Tc/y+ T, (1-1/y) (2)
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Tc=219°C
c=217°C

Endo

200 210 220 230 240 250
Temperature (°C)

Figure 11. DSC heating traces of PTT crystallized at various
temperatures for 24 h (heating rate = 10 °C/min).

where T, and Ty, are the experimental melting tem-
perature and equilibrium melting temperature of PTT.
Y is the ratio of the lamellar thickness to the critical
lamellar thickness. According to Eq.(2) the equilib-
rium melting temperature can be determined from
the intersection of the extrapolated T,, value with
the line defined by T, = T.. The value of Ty, ob-
tained by this method is 248 °C. When processing
with quantitative analysis of the crystallization
behavior, the equilibrium melting temperature is im-
portant since the thermodynamic parameters are very
sensitive to the value of Tj,.

Conclusions

In isothermal crystallization experiments, the
double melting behavior of PTT can be attributed to
crystallite reorganization on heating. The peak tem-
peratures of these two melting endotherms depend
on the annealing temperature and the subsequent
heating rate. For a long-time annealing or a high
heating rate (40 °C/min), these two endotherms tend
to coalesce into a single peak. The coalesced en-
dotherm represents the complete melting of the origi-
nal crystals without reorganization. The results of
solid-state NMR experiments suggest that the an-
nealing treatment increases the relaxation time T),"
and decreases the mobility of the PTT moleculars.
This is associated with the formation of crystallites
during the annealing process. Nonisothermal crys-
tallization results show that Tl appears a nearly
linear relationship with the logarithmic DSC cool-
ing rate, whereas T2 seems independent of the cool-
ing rate. Furthermore, these two melting endotherms
of PTT in the subsequent heating scan coalesce into
one peak for the lowest cooling rate (0.2 °C/min).
However, WAXD patterns of the PTT samples con-

260

250 -

240
To=248°C

TI“ (OC)

220 A Tm=T¢

190 T T T T T T T 1 T T T
190 200 210 220 230 240 250 260

T (°0)

Figure 12. Hoffman-Weeks plot for isothermally crystallized PTT
(24-h crystallization).

firm that only one crystal structure exists regardless
of the crystallization conditions.
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