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ABSTRACT: The changes in the structures of the glycol segment of poly(trimethylene terephthalate) (PTT) mono-
filaments caused by drawing and annealing were analyzed by '*C solid-state NMR relaxation, wide-angle X-ray dif-
fraction (WAXD), IR spectroscopy, DMA, and DSC measurements. The '3C solid-state NMR relaxation and WAXD
studies indicated that the drawn PTT consists of oriented crystalline, amorphous, and intermediate phases. The IR spec-
tra indicated that three methylene bonds of PTT in the crystalline and amorphous regions adopt gauche—gauche and
trans—trans conformations, respectively. The intermediate region consists of aggregates of molecular chains with a
gauche conformation. On the other hand, as-spun and annealed PTT fibers consist of amorphous and intermediate
regions. Although the proportion of intermediate to amorphous regions was unchanged on annealing, the molecular
mobility was changed, i.e., the molecular mobility of the intermediate region decreased with increasing annealing time.
The DMA and DSC measurements showed that the glass transition temperature (7,) of PTT fiber increased by 20 °C on
annealing for 144 h, whereas drawing induced a more significant increase in the T,. The T, of DR = 3 sample was
50°C higher than that of as-spun fiber, because of the existence of orientational crystallization in the drawn PTT.
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Poly(trimethylene terephthalate) (PTT), as shown
in Figure 1, is a member of the family of thermoplas-
tic aromatic polyesters that includes poly(ethylene ter-
ephthalate) (PET) and poly(butylene terephthalate)
(PBT). Historically, PTT was rarely used as an indus-
trial material owing to the high cost of the monomer,
1,3-propanediol (PDO); however, since the 1990s,
when Shell Chemicals established a commercial proc-
ess for producing PDO, PTT has become popular, and
many studies of PTT have been carried out.

The molecular chains of the aliphatic components
of PET, PTT, and PBT consist of two, three, and four
methylene units, respectively. PET and PBT contain
even numbers of methylene units, whereas, PTT con-
tains an odd number. This difference between even
and odd numbers of methylene groups affects the
structures and physical properties of the polymers.
For example, although the trans-zigzag form is the
stable conformation for PET and PBT, the gauche—
gauche form of the C4-C5—C4 bonds (see Figure 1)
is stable for PTT.! This conformational difference is
also responsible for the modulus of PTT fiber being
intermediate between those of PET and PBT, and
for the excellent stretchability of PTT. The glass tran-
sition temperature (7)) of PTT has been reported to be
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between 35 and 50°C.>3

The crystal structure of PTT has already studied by
many researchers.>>~!* The unit cell is triclinic with
the following parameters; a = 4.6 A b=62A, c=
18.3A, « =98°, f=90° y =112 and the space
group is P1. Each cell contains two monomer units
of one polymer chain. Both methylene bonds are in
the gauche conformation.>® The elastic modulus of
the crystalline phase of PTT is 2.59 GPa, which is
much lower than that of PET (125 GPa).” The equili-
brium melting temperature of PTT is about 525 K, and
the equilibrium enthalpy of fusion is 28.8 kJ/mol.!!
The isothermal crystallization kinetics of PTT has also
investigated by Avrami theory and the crystallite mor-
phology from melt and cold-crystallization exhibited
typical negative spherulite and sheaf-like crystallite.!?

Structure development in PTT fibers during draw-
ing has been studied by two groups.'*!# Simultaneous
synchrotron small- and wide-angle X-ray scattering
studies by Wu et al. indicated the existence of a rigid
amorphous phase in the drawn fibers.!* The orienta-
tion and structure of PTT drawn films, studied by in-
frared dichroism measurements, indicated that the
gauche content increases with increasing draw ratio.'*

Physical aging or annealing also induces structural
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Figure 1. '3C CP/MAS spectra of the as-spun and the drawn
poly(trimethylene terephthalate) fibers together with the assign-
ment. The interpretation on A and FDY is given in the text.

transitions. The changes in the structure of melt-
extruded undrawn PTT films caused by physical aging
and annealing at ambient temperature for up to 24h
have been investigated in terms of thermal crystalliza-
tion, glass transition behavior, and mechanical proper-
ties.> The effect of physical aging and annealing on
the mobility of rigid amorphous PTT chains has also
been reported. In our previous study, we reported
the relationship between the 7, of undrawn PTT fiber
and the annealing time at 40 °C. The change in T of
PTT on annealing is considered to arise from a change
in the conformation of the methylene chains of the
glycol residue in PTT from a random conformation
to a gauche—gauche conformation.'

Although the intermediate phase in PTT has already
been studied as described above, no more details re-
garding the structure and dynamics of the intermediate
phase have been obtained. Therefore, in this study, the
structure and dynamics of drawn and annealed PTT
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fibers were reinvestigated by means of solid-state
nuclear magnetic resonance spectroscopy, wide-angle
X-ray diffraction, infrared spectroscopy, thermal anal-
ysis, and dynamic viscoelasticity measurements.
Moreover, the effects of structural changes induced
by drawing and annealing on the fiber properties of
PTT were compared.

EXPERIMENTAL

Sample Preparation

PTT material was kindly supplied by Shell Chemi-
cal Company and its intrinsic viscosity was 0.92dL/g,
whose Mn was 17,300. The polymer was dried at
100 °C for 2 d under vacuum to reduce moisture. Fiber
samples were prepared by melt-spinning. The extru-
sion temperature of polymer was 265°C, and the
through-put was kept constant value of 5.47 g/min
by the gear pump of 0.6cc/rev. PTT was extruded
from the spinneret with one hole whose diameter
was 0.3 mm. Then the fiber was cooled by the immer-
sion in water controlled at 45 °C, which was around T,
of PTT in order to prevent from the skin-core forma-
tion, and taken-up at 24 m/min. The denier of the
obtained monofilament was 2,280 dtex. The sample A
was measured within 10 min after taken-up. The sam-
ples B and C were annealed at 40 °C for 96, and 144 h,
respectively. Also fully drawn yarn (FDY) was pro-
duced by the drawing of the sample A, whose drawing
was carried out at 70 °C at the draw ratio of 3.0 and
then heat-treated at 130 °C under constant length.

Measurements

Solid-state nuclear magnetic resonance (NMR) ex-
periments were carried out on a JEOL EX-400 spec-
trometer operating at resonance frequencies of 100.4
MHz for '*C. Samples were spun at the magic angle
at a rate of 5.7kHz. The probe temperature was con-
trolled at 25°C. The '"H-!3C cross polarization con-
tacts time was 1.5ms, and the repetition time was
1.5s in all experiments. The chemical shifts of all
13C spectra were determined by taking the methyl car-
bon of solid hexamethylbenzene as an external refer-
ence standard. The spin-lattice relaxation times, 77,
were measured using Torchia pulse sequence.'® The
T, values were obtained by fitting the decays of '*C
magnetization.

Wide-angle X-ray diffractions (WAXD) patterns
were obtained with a Rigaku Denki model RU-200A
diffractometer. Nickel-filtered Cu Ko radiation gener-
ated at 40kV and 30 mA was used for recording X-ray
pattern using an imaging plate of Rigaku Denki model
R-AXIS-DS 3. Fiber samples were carefully wound
parallel to one another on a holder.

Fourier transform infrared (FT-IR) spectra were
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Table I. '3C spin-lattice relaxation times (7} in s) of C=0 (C1), C¢Hy (C2), C¢H4 (C3) and OCH, (C4) peaks
of poly(trimethylene terephthalate) determined by Torchia pulse sequence
A B C FDY

Sample T, fraction T, fraction T, fraction T, fraction
(s) (%) (s (%) (s) (%) (s) (%)
C=0 33.1 100 32.6 100 33.5 100 4.6 4
(ChH 112.0 96
CgHy 30.6 100 29.2 100 28.7 100 3.7 10
(C2) 92.1 90
CeHy 2.2 19 2.2 25 1.8 15 2.8 15
(C3) 18.4 81 19.2 75 21.8 85 20.3 27
117.7 58
OCH, 0.38 49 0.80 56 0.85 55 0.71 43
(C4) 4.4 51 4.8 44 10.6 45 9.3 23
103.3 34

measured with a JASCO model FT-IR550 with an at-
tenuated total reflection (ATR) instrument and an in-
ternal reflection element of KRS-5 was used to ac-
quire ATR spectra. Three hundred scans of 4cm™!
revolution were averaged to achieve sufficient sin-
gle-to-noise ratio. Fiber samples were carefully
wound parallel to one another on a holder.

Thermal analyses were made with a calorimeter
Seiko DSC210/SSC5000 from 30 to 250 °C at a scan-
ning rate of 20 °C/min, after calibrating the tempera-
ture with indium as the standard for temperature read-
ings. The sample weight was about 7 mg.

Measurements of viscoelasticity were carried out
by using DMS-200 of Seiko Instruments. The frequen-
cy was 10Hz, the tension applied was 10g and the
heating rate was 1°C/min from 0 to 200 °C.

RESULTS AND DISCUSSION

Solid-State NMR Measurements

Figure 1 shows the '3C cross-polarization magic-
angle spinning (CP/MAS) spectra for sample A and
FDY. One carbonyl carbon peak (165.4 ppm; C1), two
phenyl carbon peaks (133.9 ppm; C2, and 129.6 ppm;
C3), and two aliphatic carbon peaks (62.3 ppm; C4,
and 28.3 ppm; C5) can be identified in the spectrum
of PTT."” No changes were observed for the line
shapes and chemical shift values for any of the signals
other than that corresponding to C5. The single peak
at 28.2ppm changes to doublet peaks at 26.5 and
28.2 ppm on drawing, as a result of an up-field shift
of a part of the lower field peak. This indicates that
the chemical shifts of the C1-C4 carbons are insensi-
tive to the molecular structure, whereas that of C5 is
sensitive to it. The relation between the chemical shift
of C5 and the molecular structure of PTT will be pre-
sented in the forth-coming paper.'®

Next, the changes in the molecular mobility caused
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by annealing and drawing were analyzed by using
spin—lattice relaxation times (7;) for the C1-C4 peaks
of the samples A, B, C, and FDY. The values of T}
obtained by fitting the decay curves by means of sin-
gle-, double- or triple-exponential functions are sum-
marized in Table I. For annealed samples, mono-ex-
ponential 7} decays were observed for the C1 and
C2 peaks for each sample, whereas, bi-exponential de-
cays were observed for C3 and C4. The bi-exponential
fitting indicates that motional heterogeneity exists in
these samples. Note that in the case of FDY, an addi-
tional component linked to molecular motion is con-
tained in all the peaks, i.e., the T} exponential decays
for C1 and C2 peaks consist of two components and
those of C3 and C4 consist of three components.
The longest T, components (77 > 92 ) for each peak
in the drawn sample of FDY were absent in the an-
nealed samples A, B, and C, which suggested that lon-
gest T1 components are attributable to the orientation
of the crystalline region induced by drawing. On the
other hand, the shortest 77 components (77 < 2.8s),
which exist in all the samples, are attributable to the
amorphous region. Moreover, the intermediate 7}
component that exists in the FDY sample is consid-
ered to arise from the rigid NMR amorphous region,
as pointed out by Gabrielse ef al.!® The intermediate
T values for FDY are close to those for samples A,
B, and C, which indicates that two components for
the annealed samples A, B, and C correspond to the
amorphous and rigid NMR amorphous regions. In oth-
er words, no crystallization occurred during anneal-
ing, so there is a distinct difference between drawn
and annealed PTT fibers.

Furthermore, in comparing samples A, B, and C,
we found that the T values for C3 and C4 carbons
changed during annealing. On annealing for 144 h,
the 7} components for the C3 and C4 peaks corre-
sponding to the rigid NMR amorphous phase increas-
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ed in intensity, suggesting that localized molecular
motions, such as flip-flop reorientation of the phenyl
ring and the oscillatory motions that occurred at a fre-
quency of around several hundred MHz, were con-
strained. This restriction on motion may be caused
by a conformational transition from trans—trans to
gauche—gauche, which induces an ordered structure
and a more stable state for the rigid NMR amorphous
region. Therefore, this structural transition may cause
the observed elevation in the T,. This hypothesis was
confirmed by other measurements describe below.

The fractions of 7 components relating to the rigid
NMR amorphous and the oriented crystalline phases
for the C3 peak for FDY were 27 and 58%, respective-
ly. The sum of these is 85%, which was close to the
fraction of the 7 component for the rigid NMR amor-
phous phase in the C3 peak of sample A (81%). A
similar relationship between samples A and FDY
was also seen in the C4 peak, namely, that the sum
of the fractions of the 77 components for the rigid
NMR amorphous and oriented crystalline regions for
FDY was close to that observed for sample A. More-
over, a comparison of 7 values for samples A and
FDY showed that the 7; values of the rigid NMR
amorphous components for the C3 and C4 peaks in-
creased on drawing, suggesting that the molecular mo-
tion in the rigid NMR amorphous region is restricted
by drawing. These results indicated that a part of the
rigid NMR amorphous component in undrawn PTT fi-
ber changed to an oriented crystalline region on draw-
ing, whereas components attributed to the amorphous
region remained unchanged.

WAXD Measurements
Figure 2 shows the WAXD profiles. The intensity
shown in Figure 2 was obtained by the integration

FDY

Intensity (arbitary)

10 15 20 25 30
20 (deg)

Figure 2. X-Ray diffractograms of the annealed and drawn
poly(trimethylene terephthalate) fibers. The interpretation on A,
B, C and FDY is given in the text.

Polym. J., Vol. 37, No. 3, 2005

of WAXD reflection intensities for a specific 26 over
all of the azimuthal angles. The unit cell of PTT is re-
ported as being triclinic with three major diffraction
peaks at angular positions of 260 = 17°, 20°, and
24°; these can be indexed to (012)/(011), (012), and
(113)/(103) reflections, respectively. Two minor dif-
fraction peaks centered at 260 = 15°, and 27° are as-
signed to the (010) and (114)/(104) reflections, re-
spectively.> The sample A showed no diffraction
peaks, whereas the samples B and C showed two very
weak peaks at around 26 = 17° and 24°, which are
major diffraction peaks of PTT. This indicated that
samples B and C had a somewhat more ordered struc-
ture than sample A; however, each peak for sam-
ples B and C was broad, indicating that the domain
for ordered structures were very small. From these re-
sults, it is considered that the more-ordered structure
in samples B and C is noncrystalline.

In contrast to this, in the case of the drawn PTT
sample, FDY, three diffraction peaks at angular posi-
tions of 20 = 15°, 20°, and 24° were clearly observed,
and two peaks centered at 20 = 15° and 27° were
present but were less well defined. These diffraction
peaks clearly indicated that the crystallization had def-
initely occurred during drawing and heat-treatment.
The existence of such structural difference between
annealed and drawn samples of PTT is in agreement
with the solid-state NMR relaxation results described
above.

IR Measurements

Ward and Wilding made a detailed comparison of
the IR and Raman spectra of PTT, PBT, and PET.20
The band at 935 cm™! is associated with C—H rocking
vibrations of the glycol residue in the amorphous
phase. PTT also shows an IR band at 1045cm~!,
which has been assigned to an Ag C-C stretching
mode of an all gauche sequence. Generally speaking,
the Ag vibrations are Raman active and IR inactive,
however, they discussed in detail.?*?! Chuah studied
the structure of uniaxial and biaxial PTT films by IR
dichroism.!® He focused on the bands at 1358 and
1385cm~!. The band at 1358 cm™! was assigned to
Bu CH, wagging in the crystalline phase with a gau-
che—gauche conformation of PTT’s three methylene
bonds, and the band at 1385cm~! was assigned to
Ag CH, wagging in the amorphous phase with a
trans—trans conformation. Also, a band at 1037
cm~! was assigned to gauche C—C stretching of the
glycol residue in the crystalline phase. In this study,
the conformational change of PTT fibers on annealing
and drawing were investigated by means of the IR ab-
sorption intensities proposed by Chuah. Figure 3
shows the ATR-FT IR spectra of samples A and
FDY, and the three characteristic absorption bands
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Figure 3. IR spectra of as-spun and drawn poly(trimethylene
terephthalate) fibers. The interpretation on A and FDY is given
in the text.
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Annealing time (hours)

Figure 4. Absorption intensities of 1037 cm™! (gauche con-
formation in the crystalline phase), 1358cm™' (gauche in the
crystalline phase) and 1385cm™! (trans in the amorphous phase)
in the IR spectra of poly(trimethylene terephthalate) fibers as a
function of the annealing time.

are indicated by the arrows in the figure.

Figure 4 shows the relationship between the anneal-
ing time and the absorption intensities at 1037, 1358,
and 1385cm~!. The absorption intensity at 1410
cm~!, which is aromatic ring vibration,?’ was used
as an internal reference band. From Figure 4, it can
be seen that the absorption intensities at 1037 and
1358 cm™! remained constant until 96h and then in-
creased rapidly between 96 and 144 h, respectively.
Both of the absorptions at 1037 and 1358 cm ™! are as-
sociated with the gauche—gauche conformation of
PTT’s three methylene groups. In contrast, the absorp-
tion band at 1385cm™! originated from trans confor-
mation gradually decreased with increasing annealing
time. These results indicated that the conformational
change from trans—trans to gauche—gauche conforma-
tion occurred at annealing times of between 96 and
144 h. This structural change from trans to gauche
conformation, as seen in the IR spectra, can be consid-
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Figure 5. DSC thermograms of the annealed and drawn poly-
(trimethylene terephthalate) fibers. The interpretation on A, B, C
and FDY is given in the text.

ered to relate with the change in the molecular motion
induced by annealing observed from solid-state NMR
measurements, as described above.

More noteworthy is that the absorption intensities
of the bands of FDY at 1037 and 1358cm™! were
more intense than the corresponding bands in the
spectra of samples A, B, and C, indicating that the
amount of gauche—gauche conformer induced by
drawing is larger that that produced by annealing.
This suggests that orientational crystallization accom-
panies the significant increase in gauche—gauche con-
formation. Furthermore, the absorption band at
1385cm~! for FDY was also larger than that for the
samples A, B, and C, which indicates that the amor-
phous phase is changed to the frans conformer on
drawing.

DSC and DMA Measurements

Figure 5 shows the results of DSC measurements
for samples A, B, C, and FDY. All the samples
showed an endothermic peak with a maximum at
226 °C, corresponding to the melting point of PTT.
Although the endothermic peak of T, was observed
at in the vicinity of 30-60 °C, and the exothermic peak
corresponding to the crystallization temperature (7¢)
was at around 70 °C for samples A, B and C, no such
peak was obtained for sample FDY. This suggests that
the crystallinity of the FDY sample is higher than that
of the annealed samples A, B and C. From the DSC
curves, the T, values for samples A, B and C were de-
termined to be 34, 41, and 56 °C, respectively, which
indicates that T, increases constantly with increasing
annealing time. This change in 7, was interpreted as
constraints imposed on the amorphous regions by
crystals formed newly during cold crystallization.!?
The change in the position of the exothermic peak
(T.) is caused by crystallization during the measure-
ment. Because the 7, value of the constrained amor-
phous region is higher than that for of the random
amorphous region, the fact that the 7, value of the
sample C was higher by about 20 °C than that of the
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Figure 6. Temperature dependence of the storage (E’) and
loss (E”) moduli for the annealed and drawn poly(trimethylene
terephthalate) fibers. The interpretation on A, B, C and FDY is
given in the text.

sample A showed that the fraction of constrained
amorphous phase in sample C was higher than that
in sample A. The enthalpy of crystallization also de-
creased with increasing annealing time, which sug-
gests that the proportion of crystal-like (constrained
amorphous) structure in sample C was higher than
that in samples A and B, which was also confirmed
by the NMR relaxation measurements described
above.

As can be seen in Figure 5, the FDY sample did not
show any features to which the 7, could be related. In
practice, mechanical analysis is known to be more
sensitive than calorimetric measurements for the de-
tection of glass transitions. Accordingly, we measured
the dynamic mechanical relaxation spectra of PTT
fibers (Figure 6) in the hope of finding the glass tran-
sition of sample FDY. Figure 6 shows the temperature
dependence of storage (E") and loss (E”) moduli of
PTT fibers as determined by dynamic viscoelasticity
measurements. The transition shown by E’ and E” at
75-120°C may be the glass transition of FDY. On
the other hand, the negative and positive transitions
that appeared at around 35-70°C for the annealed
samples correspond to the glass transition and crystal-
line transition (the stiffening of the molecular chains
through crystallization during the DMA measure-
ment), respectively. Similarly, two peaks in the E”
vs. temperature curves at around 35-70°C for sam-
ples A, B, and C also correspond to the glass and crys-
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talline transitions, respectively. Although two sharp
peaks (at 50 and 65 °C) appeared in the temperature
region between 40 and 100°C for sample A, sam-
ples B and C had only one broad peak, reflecting that
the T, and T, for these samples are close to one anoth-
er. Although the 7, observed from curves of £” and E”
versus temperature for samples A, B, and C increased
with increasing annealing time, in agreement with the
NMR and DSC results, the T, values for the annealed
samples were lower than that for FDY. The T, of FDY
was higher by 50 °C than that of as-spun fiber, proba-
bly because of the existence of orientational crystalli-
zation in the drawn sample of PTT. Moreover, the val-
ues of E’ for FDY were the highest among all the
samples at all temperatures. These results suggest that
the drawing process is more efficient in effecting a
restriction in chain mobility in the rigid amorphous
region. The restriction of the rigid amorphous chains
in FDY may be induced by strain-induced crystalliza-
tion. Furthermore, it is clear that £’ increased with
increasing annealing time. The relation between the
T, and the annealing time and drawing obtained from
DMA measurements coincided with that observed by
DSC measurements.

CONCLUSIONS

Changes in the structures of monofilament of poly-
(trimethylene terephthalate) (PTT) following drawing
and annealing were identified by '*C solid-state NMR
relaxation, wide-angle X-ray diffraction (WAXD), IR
spectroscopy, DSC, and DMA measurements. Drawn
PTT consists of three components: orientated crystal-
line, amorphous, and intermediate regions. The crys-
talline and amorphous regions adopt gauche—gauche
and trans—trans conformations, respectively, whereas
the intermediate region consists of a rigid amorphous
phase in which several molecular chains that adopt a
gauche—gauche conformation aggregate with each
other. In contrast, as-spun and annealed PTT fibers
consist of two components: amorphous and constrain-
ed amorphous regions. Although no change in the
fractions of the regions was observed on annealing,
the molecular mobility was changed, i.e., the molecu-
lar mobility of the constrained amorphous region
decreased with increasing annealing time. DMA and
DSC measurements showed that the 7, of PTT fiber
increased by 20°C within an annealing time of
144 h, whereas drawing induced a more significant
rise in the T,. The T, of DR = 3 sample was higher
by 50°C than that of as-spun fiber, probably because
of the existence of an orientated crystalline region in
the drawn PTT.
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