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ABSTRACT: This work presents an experimental study on the interplay between structure and dynamics
during isothermal and nonisothermal cold crystallization of poly(trimethylene terephthalate). Simultaneous
X-ray scattering and dielectric spectroscopy measurements revealed that, during cold crystallization,
crystalline lamellae tend to be homogeneously distributed along the sample. A significant amount of rigid
amorphous phase is formed during cold crystallization, and its location is assigned to the crystal-amorphous
interface. The formation of the rigid amorphous phase during cold crystallization is less effective for
poly(trimethylene terephthalate) than for other similar aromatic polyesters like poly(ethylene terephthalate).
Themobile amorphous phase, giving rise to the dielectric R relaxation, is mainly located between consecutive
crystalline lamellae. The segmental dynamics of the amorphous phase is restricted by the growing crystals
during both primary and secondary crystallization.

1. Introduction

Poly(trimethylene terephthalate) (PTT) belongs to the aro-
matic polyesters family and due to its excellent physical and
processing properties has attracted both scientific and industrial
interest as a promising engineering thermoplastic material.1-3

Several works related to themelt crystallization of PTThave been
recently published.2-9

PTT crystallizes from the melt with spherulite morphology,
very regular lamellar stacking, and at a faster rate as compared to
PET due to the more flexible chain. The formation of a rigid
amorphous phase (RAP) during the crystallization of PTT has
also been reported.9-11 It was suggested to be located in the
interface between the lamellar crystals and the amorphous re-
gions.7 The presence of RAP in PTT has been linked to the
existence of cooperatively rearranging regions (CRR’s) with sizes
changing as a function of the crystallization conditions where a
progressive restriction of cooperative motions of the remaining
amorphous phase takes place.4 However, less attention has been
paid to the cold crystallization of PTT. Cold crystallization takes
place at temperatures Tc close to the glass transition temperature
Tg under deep undercooling (Tm - Tc) conditions, typically in
totally amorphous samples obtained by deep quenching below the
Tg. Under these circumstances, crystallization is kinetically driven
because diffusion effects become dominant over thermodynamic
conditions.12 The existence of RAP has been also confirmed in
PTT cold crystallized by DSC and dynamic mechanical analysis
measurements.13 Moreover, cold crystallization of PTT has been
recently studied by an innovative method which takes advantage
of the specific fluorescence emission of phenylene dimers from
adjacent chains due to these interchain complexes can be just

formed in the disordered state.14 The latter study supports the
existence of an induction period prior to the nucleation and
growth where a densification of the polymeric chains occurs. In
polymers, it is well-known the influence of the crystalline lamella
on the segmental dynamics of the remaining amorphous region.
In general, above theTg, the segmental relaxation (R process), for
instance as explored by means of dielectric spectroscopy (DS), is
affected by crystals. This effect results in a less intense, broader,
and slower relaxation curve.15-21 Monitoring these changes
during the crystallization phenomena, one can extract both
dynamic and structural information on the amorphous fraction,
which is certainly impossible just by using scattering or micro-
scopy tools. By following the R relaxation dynamics by DS, the
coexistence of two amorphous fractions in several semicrystalline
polymers has been proposed.18,22-25 DS measurements have
corroborated the existence of a RAP, defined, at a given tem-
perature, as an immobile amorphous region which is not able to
relax at the same rate as the mobile amorphous fraction. The
existence of RAP, postulated a long time ago,26,27 seems to be a
rather general feature for semicrystalline aromatic polymers like
poly(ethylene terephthalate) (PET),18,28 poly(butylene terephtha-
late) (PBT),26,29 poly(butylene isophthalate) (PBI),22 bisphenolA
polycarbonate (BAPC),30 poly(styrene) (PS),31 and poly(ether
ether ketone) (PEEK).25,27,32,33 However, there is still no direct
evidence about the location of such a RAP and whether this is a
universal feature or depends on the nanostructure induced during
crystallization. All these experimental showed above support the
assumption of a three-phase model consisting of crystalline,
amorphous, and rigid amorphous domains. It is well established
that the physical properties of polymers are directly related to the
structure, the morphology, and the dynamic behavior of the
material. Therefore, a deep understanding of these features and
their interrelationships is necessary from both fundamental and
applied points of view.
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In order to provide new information on this topic, this work
presents experimental results on the isothermal and nonisother-
mal cold crystallization of PTT, studied by simultaneous mea-
surements of wide- and small-angle X-ray scattering (WAXS and
SAXS) and dielectric spectroscopy (DS). The main goal of the
present work is to shed light on the structure-dynamics relation-
ships during the cold crystallization of PTT.

2. Experimental Part

2.1. Samples and Techniques. Poly(trimethylene terephtha-
late) (PTT) was synthesized by the two-stage polycondensation
method as described elsewhere.34 The chemical structure was
confirmed by means of 1H NMR, and the weight-average
molecular weight, Mw, determined by GPC, turned out to be
about 56 000. At room temperature the polymer appeared as a
semicrystalline solid. Differential scanning calorimetry (DSC)
measurements of the PTT sample were performed in order to
evaluate the glass transition temperature (Tg) and the melting
point (Tm). The values ofTg andTm are 45.5( 1.5 �Cand 227(
1 �C, respectively.35 After drying the sample for 1 day under
vacuum at a temperature of 100 �C, the powder was mold-
pressed 5 �Cabove theTm and subsequently quenched into iced
water. In this way, amorphous 0.2 mm films were obtained.
Cold crystallization was investigated by simultaneous mea-
surements of SAXS, WAXS, and DS. The combination of
these techniques will be referred here after as SWD. The
experiments were performed at the BM16 beamline of the
European Synchrotron Radiation Facility (ESRF), Grenoble,
France. The experimental setup at BM16 allows the simulta-
neous acquisition of two-dimensional (2-D) SAXS andWAXS
images using CCD cameras. A complete description of the
BM16 setup can be found elsewhere.36 In order to carry out the
SWD measurements, the dielectric spectrometer was installed
at the BM16 beamline as done in previous experiments.22,37

The dielectric equipment is based on a Novocontrol system
integrating a SR830 lock-in amplifier with a dielectric inter-
face. The simultaneous X-ray scattering processes and the
application of the electric field to get the dielectric information
are possible by using a homemade special sample holder. The
characteristics of the SWD cell have been extensively described
in a previous publication.38 A circular piece of film with a
diameter of 3 cm was sandwiched between the electrodes of the
sample holder in order to perform the simultaneous measure-
ments. Dielectric spectroscopymeasures the complex dielectric
constant ε*(ω) = ε0(ω) - iε0 0(ω) as a function of the applied
frequencyω.When thematerial undergoes a relaxation process
where a dipole moment is involved, the imaginary part of the
dielectric permittivity, ε00(ω), referred to as the dielectric loss,
shows a maximum. The position in frequency of this peak
provides information about the relaxation time associated with
the underlying microscopic motion, which makes DS an ex-
tremely powerful tool for the dynamic characterization of
polymeric materials among others.15 The wavelength used in
the X-ray scattering measurements was 0.1 nm. A q-range,
where q = 4π/λ sin θ is the scattering vector, 2θ being the
scattering angle, of 0.06-1.28 nm-1 for SAXS and of 9.9-
20 nm-1 for WAXS was covered by appropriate positioning of
the detectors.36

2.2. Data Analysis.WAXS patterns were analyzed in order to
estimate the degree of crystallinity, Xc, of the sample as a
function of either temperature or time. We consider the total
scattering pattern as a linear combination of the crystalline
(Xcrystal) and amorphous contributions (Xamorphous) as follows:

Iðq, tÞ ¼ XcrystalðtÞIcrystalðqÞþ j1-XcrystalðtÞjIamorphousðqÞ ð1Þ

where Xcrystal is the fraction of crystalline material, Icrystal is the
intensity from the Bragg peaks, and Iamorphous is the intensity
from the amorphous halo.

Therefore, the crystalline amount can be estimated from the
ratio between the area below the crystalline peaks, Ac, to the
total scattered area, Ac þ Aa, by

Xc ¼ Ac

Ac þAa
ð2Þ

The contribution of the amorphous halo was taken from the
initial pattern (crystallization time tc = 0 or initial temperature
for the nonisothermal crystallization T = 47 �C). The average
distance between the crystalline lamella and the amorphous
domains is obtained from the maximum shown by the SAXS
profiles after subtraction of the background using the following
equation:

L ¼ 2π

qmax
ð3Þ

The scattering invariant was calculated from the SAXS mea-
surements as

Q ¼
Z qmax

qmin

Iq2 dq ð4Þ

Dielectric loss data were analyzed in terms of the Havriliak-
Negami formalism.15,39 This empirical equation describes the
imaginary part of the dielectric constant as follows:

ε00 ¼ σ

ε0ω

� �s

þ Im
Δε

½1þðiωτHNÞb�c
 !

ð5Þ

where σ is the direct current electrical conductivity, ε0 is the
vacuum permittivity, the coefficient 0 < s < 1 depends on the
conduction mechanism, ω is the angular frequency (ω = 2πF,
F being the frequency), Δε is the dielectric strength of the
relaxation, τHN is the most probable value of the relaxation
time distribution function, and b and c are shape parameters
related to the symmetric and asymmetric broadening, respec-
tively. Finally, the average relaxation τ timewas calculated using
the equation

τ ¼ 1

2πFmax
¼ τHN sin

bπ

2þ 2c

� �-1=b

sin
bcπ

2þ 2c

� �1=b
ð6Þ

3. Results

3.1. Nonisothermal Crystallization by Simultaneous SAXS,
WAXS, and DS. Figure 1 collects structural and dynamic
information on the nonisothermal cold crystallization of
PTT obtained by simultaneous measurements of WAXS,
SAXS, and DS during a heating ramp of≈0.8 �C/min above
Tg. The evolution of WAXS patterns with temperature is
displayed in Figure 1. The first two frames show a broad
maximum, typically of amorphous materials confirming the
initial amorphous nature of the sample. As temperature
increases, Bragg peaks develop as a consequence of the
crystallization process. In a parallel way to the Bragg
peaks appearance, an increase of the scattered intensity at
low angles in the SAXS patterns (Figure 1) is observed at
T ≈ 57 �C. This excess of SAXS intensity develops into a
well-defined maximum due to the presence of a periodicity
between crystalline lamella anddisordereddomains.Figure 1
also shows the evolution of the imaginary part of the di-
electric constant during the nonisothermal crystallization
of PTT (DS). The initial dielectric spectrum shows the typical
R relaxation associated with the segmental motions of the
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amorphous chains above theTg. As expected, the position of
the peak shifts to higher frequencies with temperature.
Around 62 �C, a dramatic reduction of the intensity of the
relaxation curve takes place coincidingwith the development
of the Bragg peaks. At this temperature, the area underneath
the relaxation curve decreases. This effect can be directly
related to a progressive reduction of the dielectric strength,
Δε, during the crystallization of the polymer. Additionally,
the onset of the crystallization also induces a sudden shift of
the relaxation curve to lower frequencies. At higher tem-
peratures, the maximum of the relaxation curve continues
moving toward higher frequencies, following the normal
behavior when temperature increases. Even at higher tem-
peratures, an increase of intensity in ε00 in the low-frequency
side is observed corresponding to the contribution of the

electrical conductivity. As an example, some frames at
selected temperatures are shown in Figure 2 for the SWD
experiment. The continuous lines in Figure 2 for the left (DS)
and central (WAXS) panels represent the fits of the experi-
mental data to eqs 5 and 1, respectively. Bymeans of the data
analysis described previously, it was possible to correlate
structural magnitudes (crystallinity Xc and long period L)
with dynamic parameters extracted from the dielectric mea-
surements. As shown in Figure 3a, Xc increases gradually
with temperature, reaching almost a 30% at 107 �C. The
sigmoidal shape in the dependence of Xc with temperature
suggests that 30% is approximately the maximum value of
crystallinity achievable for PTT by means of dynamic cold
crystallization. Figure 3b displays the variation of the long
spacing during the nonisothermal cold crystallization of
PTT. The values of long spacing first decrease during the
initial stages and later remain almost constant between 80
and 110 �C with an approximate value of 7 nm. Figure 3c
displays the evolution of the scattered invariant at low angles
with temperature. The apparent SAXS invariant suffers a
discontinuous increase with temperature during the entire T
range. From the fitting of the empirical Havriliak-Negami
function (eq 5) to the experimental dielectric spectrum, it is
possible to estimate the Δε, the average relaxation time and
the shape parameters of the R relaxation process. In Figure 2
(left) the dotted lines indicate the different contributions to
the dielectric spectrum according to eq 5. At high frequen-
cies, the low-frequency tail of the β relaxation has been
considered according to standard procedures.18,22,40 Figure 4
shows the dielectricmagnitudes for the dielectricR process of
PTT as a function of temperature during the heating process.
The dielectric strength exhibits a continuous decrease with
temperature (Figure 4a), especially dramatic around 60 �C
where the onset of the crystallization process is located. It is
well-known that the magnitude of the dielectric strength Δε
can be related, in a first approach, to the fraction of mobile
dipoles or, in other words, to the fraction of mobile dis-
ordered material.15,41 Figure 4b displays the evolution of the
R relaxation time with temperature. Below 60 �C, the relaxa-
tion time becomes faster as temperature increases as ex-
pected for the R relaxation of any glass former. For the
three points below 60 �C, the temperature evolution of the R
relaxation time shows the expected non-Arrhenius behavior
for cooperativemotions. In general, the curvature showed by
the R relaxation can be described by the Vogel-
Fulcher-Tamman equation.15 However, this kind of analy-
sis is beyond the scope of this work. On the other hand,
around 60 �C, the R relaxation time τ exhibits a sharp
discontinuity. At higher temperatures, the values of τ con-
tinue to get faster as temperature increases. Figure 4c shows
the variation of the HN parameters, which define the shape
of the relaxation curve with temperature. On one hand, the
parameter b, related to the symmetrical broadening of the
curve, decreases with temperature, indicating that the relaxa-
tion time distribution becomes broader. On the other hand,
the parameter c increases, and it becomes nearly 1 for 57 �C.
The overall complex behavior with temperature displayed in
Figures 3 and 4 is obviously a consequence of the noni-
sothermal crystallization process of PTT during heating
above the Tg. All these findings will be discussed extensively
in the Discussion section.

3.2. Isothermal Crystallization by Simultaneous SAXS,
WAXS, and DS. In Figure 5, we represent the results
obtained by using SWD to monitor the isothermal crystal-
lization of PTT at 52 �C. At this temperature, the R relaxa-
tion is well located inside the accessible frequency window,
and the time required to complete the frequency sweep

Figure 1. Nonisothermal crystallization of initially amorphous PTT
followed byWAXS (top), SAXS (center), and DS (bottom), at selected
temperatures. WAXS and SAXS intensities are represented as a func-
tion of scattering vector q. The bottom panel shows the evolution of the
dielectric loss ε0 0 with frequency.



674 Macromolecules, Vol. 43, No. 2, 2010 Sanz et al.

(≈ 2 min) is appropriate to monitor a time-resolved experi-
ment. On the left, the evolution of the dielectric loss as a
function of frequency is displayed at different stages of the
crystallization process. WAXS (central panels) and SAXS
(right panels) patterns are shown for the same crystallization
times. As expected, the R relaxation curve becomes broader
and shifted to lower frequencies with the crystallization time.
The growing of the crystalline lamellae is also manifested by
the emerging of Bragg peaks in the WAXS profiles. The
amorphous nature of the starting material is demonstrated
by the absence of crystalline reflections at 0 min. It must be
noted the lack of any excess of scattered intensity in the
SAXS patterns for the isothermal crystallization at 52 �C.
Again, by using eqs 1 and 2, in Figure 6 it is shown the
evolution of crystallinity with time during different isother-
mal experiments. As expected, for the cold crystallization
regime, the crystallization rate and final crystallinity increase
with temperature. The final values of crystallinity range from
17 to 25% for crystallizations at 47 and 57 �C, respectively.
No evidence of SAXSpeaks below 52 �Cwas detected during
the isothermal crystallization of PTT. The dielectric para-
meters obtained after fitting the eq 5 to the experimental
relaxation curve are collected in Figure 7 as a function of the
crystallization time. The contribution of the tail of the
β relaxation was taken into account.18,22,40 The latter con-
tributes to the high-frequency tail of the dielectric spectra. As
one can see (Figure 5), the β relaxation at the temperature of
the experiment is well separated from the R relaxation and
does not affect significantly its description in terms of the
HN equation. As shown in Figure 7a, the dielectric strength
values for theR relaxation decrease during the crystallization
process. Respect to the shape parameters of the R relaxation,
Figure 7b displays the decrease of the symmetric broadening,
b, and the increase of the asymmetric broadening, c, respec-
tively. In other words, the R relaxation curve becomes

broader and more symmetric during crystallization. As
shown in Figure 7c, the average relaxation time for the R
process, calculated by eq 6, tends to be slower with crystal-
lization time in a linear fashion with time during the entire
crystallization period. For comparison and due to the simul-
taneous acquisition of WAXS and DS measurements,
Figure 7d shows the dependence of crystallinity with time,
exhibiting the expected sigmoidal trend. Therefore, we can
correlate the dielectric parameters with crystallinity. This
information is collected in Figure 8. The dielectric strength
(Figure 8a) for the R process decreases with crystallinity
following the same trend during the whole range. This result
slightly differs with previous studies on related aromatic
polyesters where the dependence of the Δε with crystallinity
shows two different regimes.22,42 On the contrary, the evolu-
tion of the shape parameters with the degree of crystallinity
shows the expected trend as shown in Figure 8b, becoming
the R relaxation curve more symmetric and broader.
Figure 8c shows that the R relaxation time exhibits two
regimes. First, there is an initial slowing down of the relaxa-
tion time with increasing crystallinity. Then, a stronger
dependence is observed for Xc > 15%. This indicates that
the restriction of the R relaxation dynamics, induced by the
growing crystalline lamella, seems to shows two scenarios
depending on the amount of crystals filling the remaining
amorphous material.

4. Discussion

4.1. Structural and Dynamic Evolution during Nonisother-
mal Crystallization. The main experimental features ex-
tracted from this study are the following. PTT can be cold
crystallized upon heating, reaching a final degree of crystal-
linity of≈30%. The appearance of a maximum in the SAXS
profiles (Figure 1) confirms that PTT crystallizes into a
distribution of lamellar crystals separated by amorphous

Figure 2. Selected snapshots during nonisothermal crystallization of PTT. Dielectric spectra (left panels) data are fitted to the HN equation. Dotted
lines indicate separate contributions from R relaxation, high-frequency tail of the β process and low-frequency contribution of the electrical
conductivity. Experimental WAXS patterns (central panels) are described by a linear combination of crystalline (Gaussian peaks) and amorphous
contributions (amorphous halo). Right panels collect the experimental SAXS profiles as a function of q at selected temperatures.
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regions. The evolution of the crystallinity with temperature
(Figure 3a) exhibits the characteristic features of a primary
regime, for T < 60 �C, and a secondary regime at higher
temperatures. During the primary regime there is a concur-
rent increase of the invariant (Figure 3c) and a significant
decrease of the long spacing (Figure 3b). This is consistent
with the appearance of lamellar stacks filling in the sample
volume. The initial decrease of the long spacing during
primary crystallization is also a common finding for iso-
thermal crystallization processes.22,33,43 The observed initial
decrease of L (Figure 3b) can be connected with the sequen-
tial formation of either new crystal lamellae or lamellar
stacks or both in the interlamellar amorphous regions.44 At
T>60 �C, the dependence with temperature of both crystal-
linity and long spacing tends to be slower. However, the
invariant exhibits a significant increment with temperature.
This is consistent with a secondary crystallization regime in
which new lamellae are forced to grow in the remaining
interlamellar stacks amorphous regions.45 We also find that
the apparent SAXS invariant tends to increasemore than the
crystallinity for the late stages of the nonisothermal crystal-
lization. Even though a quantitative comparison betweenXc

andQmust be carefully done, the strong increase ofQwithT

displayed by Figure 3c could be also induced by a larger
difference between the electron densities of lamellar crystals
and amorphous layers.46 The final value of the long spacing
L estimated from the SAXS curves is around 6.5 nm,
remaining almost constant during the whole temperature

Figure 3. Dependence of the degree of crystallinity (a), long spacing
L (b), and apparent invariant (c) with temperature during nonisother-
mal cold crystallization of PTT. Dotted lines are guides to the eye.

Figure 4. (a) Variation of the dielectric strength as a function of
temperature during nonisothermal crystallization of PTT. Dotted line
is a guide to the eye. (b) Evolutionof the average relaxation timeof theR
mode. Continuous line represents the VFT fit for the relaxation time
values of the totally amorphous material. (c) Evolution with tempera-
ture of the broadening parameters b (9) and c (b) of the HN empirical
equation. It is also showed the product of bc (4) during nonisothermal
crystallization. (d) For comparison, evolution with T of the degree of
crystallinity obtained by simultaneous SWD measurements. Dotted
lines are guides to the eye.
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range. This value is lower compared to previous results
obtained during isothermal melt crystallization of PTT
where larger values of L between 8 and 15 nm have been
reported,4,5 which is not surprising because of the influence
of temperature on the polymeric morphology. The onset of
the crystallization of PTT during heating above theTg can be
also detected by simultaneousDSmeasurements. The area of
the dielectric relaxation curves, known as dielectric strength
Δε, is related to the fraction of mobile dipoles involved in the
relaxation process.15 During crystallization, the polymeric
chains incorporate into the growing crystals and cannot
longer relax. The onset of crystallization is manifested by
the dramatic decrease of Δε shown in Figure 4a. In general,

the dielectric strength of an amorphous polymer decreases
with temperature whereas for semicrystalline polymers
slightly increases.16,32During heating, the increase of crystal-
linity with temperature is the main factor contributing to the
decrease of Δε. In general, the R relaxation time tends to
increase during crystallization.16-19,22,23,32 Upon heating,
we observe a sudden increase of τ at the onset of crystal-
lization (≈ 60 �C).Once the sample first crystallizes, τ follows
the expected behavior decreasing as a function of tempera-
ture. Therefore, the progressively faster rate of the relaxation
with temperature is dominant over the dynamic restriction
imposed by the emerging crystals. But the presence of
crystals affects not only the intensity of the dielectric relaxa-
tion curve but also its broadening and position. In more
precise terms, the parameters b and c decrease and increase,
respectively. In other words, the R relaxation curve becomes
broader and more symmetric. Under the framework of the
model proposed by Schlosser and Sch€onhals,47,48 b and the
product bc are related to large and small scale motions,
respectively. As expected, the parameter b of theR relaxation
of PTT decreases (broader relaxation) with increasing crys-
tallinity during heating above Tg. This can be interpreted as
due to the higher hindrance to large scale motions imposed
by the presence of crystals. However, as shown of Figure 4c,
the product bc does not vary as much as b during crystal-
lization. Generally, crystallization should not severely
modify the bc values due to its relation to small scale
modes.47,48 The slight decrease of bc observed here could be
related to the heterogeneity provoked by the interfaces be-
tween the crystalline and amorphous regions.47,48 It should be
noted that all these interpretations must be considered as
approximations because b and c are also temperature-depen-
dent parameters. The main driving force to perform simulta-
neous structural and dynamic experiments is to have access to

Figure 5. Time evolution of the dielectric relaxation curve (left), WAXS (center), and SAXS (right) patterns during isothermal cold crystallization of
PTT at 52 �C. Experimental data are fitted to the same equations as described in Figure 2.

Figure 6. Crystallinity as a function of time for isothermal cold crystal-
lizations at 47 (O), 52 (9), and 57 �C (0). Continuous lines are guides to
the eye.
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information relating both the crystalline and the amorphous
phases. In a first approach, the dielectric strength is related to
the amount of mobile amorphous phase while crystallinity
relates to the amount of material included in the crystals.
Figure 9 shows the dependence of the dielectric strength,
normalized to its initial value, as a function of the crystal-
linity for the dynamic cold crystallization (blue inverted

Figure 7. HN parameters obtained from the fitting of the dielectric
spectra to the empirical HN equation for the crystallization of PTT
at 52 �C. (a) Dielectric strength for the R relaxation. (b) Broadening
parameters b (2) and c (0) for the R relaxation. (c) Average
relaxation time for the R process. All parameters are represented
as a function of the crystallization time. (d) For the sake of
comparison, evolution with time of the degree of crystallinity
obtained by simultaneous SWD measurements. Dotted lines are
guides to the eye.

Figure 8. Dependence of HN parameters for the R relaxation with the
degree of crystallinity estimated as by WAXS measurements for iso-
thermal cold crystallization at 52 �C. (a) Dielectric strength. (b) Broad-
ening parameters b (2) and c (0) and product bc (O). (c) Average
relaxation time. Dotted lines are guides to the eye.

Figure 9. Normalized dielectric strength to its initial value for the R
relaxation of PTT as a function of the crystallinity Xc for isothermal
cold crystallization at 52 �C (O) and nonisothermal crystallization (3).
Dotted line refers to an ideal two-phase model, and dashed line is a
guide to the eye to illustrate how the data are closer to a three-phase
model based on crystals, amorphous domains, and an interlamellar
rigid amorphous phase. Data for PBI (0) and PET (4) isothermally
cold crystallized at 60 and 96 �C, respectively, are included for
comparison.18,22Dotted green line is a guide to the eye for thePETdata.
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triangles). The dielectric strength decreases lineally with
Xc. This fact supports the hypothesis that the rate of reduc-
tion of relaxing species is nearly constant during the crystal-
lization process. As observed in Figure 9, the normalized
Δε decreases withXc with a slopemuch steeper than-1. This
can be interpreted as an indication that, during nonisother-
mal crystallization, the immobilized polymer segments are
not only those included in the crystals. On the contrary, there
should be a significant fraction of nonrelaxing and noncrys-
tallized segments. We have previously mentioned that a
common structural feature of polymers with a medium
degree of crystallinity is the existence of a fraction of
amorphous material which cannot relax at the same rate
than the main disordered matrix. In general, the relaxation
rate of this disordered fraction of material is slow enough
to be considered as a rigid amorphous phase (RAP). As
dynamic crystallization implies the formation of crystals at
different temperatures without reaching the final equilibri-
um state, then an inherently more heterogeneous morpho-
logy is expected in this case as compared with that of
isothermal crystallization. Therefore, in the next section we
will discuss the isothermal SWD results, and a comparison
with the nonisothermal ones will be established.

4.2. Structural and Dynamic Evolution during Isothermal
Crystallization. Isothermal cold crystallization was also stu-
died at different temperatures. The evolution of crystallinity
with time shows the expected sigmoidal shape (Figure 6). In
the particular case of PTT, this sigmoidal behavior has been
reported for both melt and cold crystallization. The results
presented here are in agreement with a recent workwhere the
authors, by means of fluorescence emission spectroscopy
measurements, propose that a four-step crystallization pro-
cess takes place.14 They suggest that, previous to the nuclea-
tion period, a densification of the material by parallel
arrangement of the chains occurs. Subsequently, nucleation,
growth, and secondary crystallization complete the ordering
mechanism. As the reader can see from Figure 6, crystal-
lization rate and final degree of crystallinity depend on the
annealing temperature, as expected considering that cold
crystallization of polymers is a temperature-activated pro-
cess. The final degree of crystallinity slightly increases as a
function of the crystallization temperature. It must be noted
that the maximum in the SAXS profile due to the long-range
periodicity of the crystalline lamellar stacks appears forTc>
60 �C. The absence of long spacing in the SAXS experiments
or even any significant change in the SAXS patterns at T<
60 �Cmay be an indication that the average distance among
gravity centers of consecutive lamellae is larger than the
maximum distance explored by us. Also, an excess of for-
ward scattering from the SWDsample holder couldmask the
SAXS peak at low temperatures. In any case, this would be
consistent with a rather homogeneous filling of the sample
volume by single lamellae keeping relatively large distances
among then. It is well established that near the Tg polymer
crystallization is kinetically controlled. Therefore, it is
expected that by increasing the crystallization temperature,
the diffusion of the polymeric chains to the growing crystals
is facilitated, and hence, lamellae stacking can be favored,
giving rise to the appearance of lamellar stacks showing long
spacing in SAXS. The isothermal SWD experiment at 52 �C
allowed us to precisely correlate dynamic information with
structural one (Figures 8 and 9). Similarly as for the previous
case of nonisothermal crystallization, the dielectric strength,
Figure 9 (circles), decreases lineally with Xc with the same
slope for the whole range. This fact indicates that the rate of
reduction of relaxing species is nearly constant during the
crystallization process. Similar studies on analogous aro-

matic polyesters showed that the dependence of Δεnor with
Xc changes the slope drastically from values lower than-1 to
values close to -1.20,22,42 As mentioned before, the forma-
tion of RAP during crystallization is a common feature for
polymers with a medium degree of crystallinity. In general,
close to Tg the relaxation rate of the RAP is slow enough to
be considered as rigid. Morphological studies on melt-crys-
tallized PTT suggest a quite homogeneous crystal lamellae
filling with absence of large amorphous pockets.5 Consider-
ing that the amount of RAP can be related to the morphol-
ogy developed during crystallization, it is expected that the
crystallization for PTT differs from the one shown, for
instance, by PET and PBI, where a heterogeneous distribu-
tion of the layered crystals (stacks of lamellae separated by
liquid pockets) takes place.18,22,42 For these polymers, it was
proposed that the RAP is located in the interlamellar amor-
phous regions, being the material in the liquid pockets
(interlamellar stacks amorphous regions) the main relaxing
species giving rise to the dielectric R relaxation. These effect
can be visualized in Figure 9 where we included Δεnorm data
for PET18 (triangles) and PBI22 (squares). The dependence of
Δεnorm with Xc for PET and PBI significantly differs both
qualitatively and quantitatively from that followed by PTT.
First, PET and PBI exhibit initial strong decrease of Δεnorm
with Xc which was associated with the immobilization of the
intralamellar stacks amorphous regions and second aweaker
dependence associated with the formation, during secondary
crystallization, of secondary lamellar stacks in the liquid
pockets. For PTT, the reduction of Δεnorm with Xc is weaker
than in the previous cases and exhibits a single regime. This
can be interpreted considering for PTT a homogeneous
filling of the space by uniformly separated crystalline lamel-
lae rendering to an absence of liquid pockets. In this case the
RAP should be associated with the crystalline-amorphous
interface rather than to the whole interlamellar amorphous
regions. Polymers like PET and PBI with heterogeneous
crystalline lamellar filling tend to form during primary
crystallization higher amount of RAP than PTT. For this
reason PTT exhibits a weaker reduction of Δεnorm with Xc.

A further support for this interpretation arises from the
evolution with time (Figure 7c) and crystallinity (Figure 8c)
of the R relaxation time. The logarithm of the R relaxation
time increases linearly with time. In other words, the dyna-
mics of the remaining amorphous phases is restricted by the
emerging crystals over thewhole crystallization process. This
is a clear difference by comparison with previous informa-
tion on PET and PBI where the onset of the slowing down of
the segmental dynamics arises when secondary crystalliza-
tion starts (Xc ≈ 15%). In the present case, PTT is dynami-
cally restricted even during the primary crystallization.
However, it must be noted that the dynamic restriction
becomes more drastic when the degree of crystallization
reaches values of around a 15%. As previously discussed,
Figure 9 shows that the rate of formation of RAP is signi-
ficantly lower for PTT than for other related aromatic poly-
esters.For semicrystalline PTTwepropose that the fractionof
amorphous materials giving rise to the R relaxation is located
in the interlamellar domains. For stronger RAP forming
polymers like PET and PBI, it was suggested18,22 that the
interlamellar amorphous regions were dynamically frozen
during the primary crystallization being the liquid pockets,
associated with the interlamellar stacks amorphous do-
mains regions where the R relaxation originates. If for
PTT one considers again a homogeneous filling of the space
by uniformly separated crystalline lamellae and a RAP
mainly situated in the crystal-amorphous interface, then
it is expected the dynamic restriction imposed by the
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crystalline lamellae to be effective already during primary
crystallization. However, also for PTT, secondary crystal-
lization, probably caused by the thickening of the existing
lamellae, marks a drastic slowing down of the segmental
dynamics (Figure 8c).

5. Conclusions

In summary, our results support the idea that for PTT the
crystal lamellar stacks are homogeneously distributed, lacking of
broad amorphous domains, liquid pockets, as observed for other
similar polyesters. Consequently, the remaining amorphous
phase which is able to relax giving rise to the dielectric R
relaxation must be located between consecutive crystalline lamel-
lae. Accordingly, the cold crystallization of PTT takes place by
homogeneous filling of crystalline lamellar stacks. Our data
suggest that the mobile amorphous phase is located in the
interlamellar domains and the RAP is presumably located in
the amorphous-crystal interface. The interlamellar amorphous
regions are physically constrained by the surrounding crystals
provoking a slowing down of the segmental dynamics during
both primary and secondary crystallization.
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