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ABSTRACT: Preordering behavior of poly(trimethylene terephthalate) (PTT) upon cold crystallization
was revealed via in situ simultaneous small/wide-angle X-ray scattering and differential scanning calorimetry
(SAXS/WAXS/DSC) as well as time-resolved Fourier transform infrared (FTIR) spectroscopy. In the
induction stage prior to the appearance of WAXS crystalline peaks, changes in the low-q (0.005-0.03 Å-1)
range of SAXS profiles suggested the formation of mesomorphic domains (with a linear dimension∼18 nm).
Parallel DSC and FTIR results indicated respectively that the preordering involved a trace amount of
exothermic heat prior to discernible trans-to-gauche conformation change. Subsequently observed were the
growth of these mesomorphic domains to a size≈50 nm and the accompanying emergence of nanocrystalline
grains (of dimensions of several nanometers) via a more localized nucleation-and-growth route. The final
ripened structure hence comprised a percolated network of mesomorphic domains filled with dispersed
nanocrystallites. Hierarchical evolutions of the large mesomorphic domains and the small nanocrystallites
with crystallization time were correlated with WAXS-determined crystallinity development and DSC-
revealed endothermic events. Transitions from the amorphous to mesomorphic domains and the meso-
morphic to crystalline domains are illustrated quantitatively. The formation of large mesomorphic domains
in the induction stage of crystallization and their influences on the subsequent crystallization are discussed in
terms of liquid-liquid phase separation and gel formation.

Introduction

With combined physical properties of nylons and other aro-
matic polyesters for excellent elastic recovery, poly(trimethylene
terephthalate) (PTT) is a promising material for versatile appli-
cations as engineering plastics and textile fibers.1-3 In the past
decade, melt crystallization behavior, morphological character-
istics, and properties of PTT-based materials have been exten-
sively reported.4-8More recently, cold crystallization of PTT has
drawn considerable attention for its intriguing gelation-related
crystallization behavior and practical use of tailoredmorphology
of specific properties from deeply supercooled/kinetically
trapped amorphous PTT in processes such as melt spinning.

In a previous report,9 the early stage of PTT cold crystal-
lization was shown to be dominated by the emergence of finely
dispersed sheaf-like crystallites, leading to gelation-like dynamic
viscoelastic responses. Fluorescence spectroscopic results of Luo
et al.10 on PTT cold crystallization revealed the formation of local
dimers (parallel arrangement of two neighboring PTT chains) in
the induction period prior to crystallization, which subsequently
evolved into crystalline nuclei and then small crystallites. A four-
stage process of induction, nucleation, growth, and late-stage
crystallization was proposed. Very recently, the four-stage PTT
cold crystallization was further examined by simultaneous small/
wide-angle X-ray scattering (SAXS/WAXS) and dielectric
spectroscopy11 to correlate the evolution of PTT crystallinity
and dielectric strength as an attempt to elucidate the formation of

rigid amorphous phase during the cold crystallization process;
structural evolution before crystallization, however, was not fully
addressed.

Preordering prior to polymer crystallization has been revealed
and discussed for sometime based mainly on X-ray and/or light
scattering results.12-23 As the preordering behavior is beyond the
scope of the classical model24 for polymer crystallization that
assumes preexisted crystalline surfaces for regulating chains’
folding and attachment to the surfaces, different mechanisms
based on mesomorphic phase formation,15-17 or liquid-like phase
separation18-23 (via nucleation-and-growth, NG, or spinodal
decomposition, SD, mechanisms) have been proposed to rationa-
lize the large-scale ordering prior to crystal growth. The recently
observed dimer formation prior to the cold crystallization of PTT
favored the nucleation-and-growth process for chain preordering.
Previously, we also suggested that the gelation behavior and the
development of optical anisotropy could be related to chain
preordering immediately before cold crystallization of PTT.9

Via enhanced time/spatial resolutions in synchrotron-based
simultaneous SAXS/WAXS and differential scanning calorime-
try (DSC) measurements, here we report the nucleation, growth,
and percolation of mesomorphic domains (from a dimension of
18 to 50 nm) and the development of nanograins (of dimensions
of several nanometers) within these mesomorphic domains in the
course of cold crystallization of PTT at 55 �C.With complemen-
tary identification of trans-to-gauche conformation transition via
time-resolved Fourier-transform infrared spectroscopy (FTIR),
the formation of the mesomorphic domains is discussed in terms
of an analogy to liquid-liquid phase separation whereas the
subsequent crystallinity development within these mesomorphic
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domains is interpreted in terms of a nucleation-and-growth path
of polymer crystallization. It appears that the present observa-
tions serve to link a variety of previously proposed models into a
more complete picture of polymer crystallization under far-from-
equilibrium conditions.

Experimental Section

The poly(trimethylene terephthalate) (PTT) sample, kindly
supplied by Shell Chemical, has an intrinsic viscosity of 0.92
dL/g (60/40 phenol/tetrachloroethane, 160 �C), with glass transi-
tion temperature Tg ≈ 45 �C and melting temperature Tm ≈
230 �C. Glassy amorphous specimens (ca. 1 mm in thickness and
6 mm in diameter) were prepared by melt-pressing at 280 �C for
5 min before quenching into ice-water.

Simultaneous SAXS/WAXS/DSC measurements were per-
formed at the 23A SWAXS beamline of the National Synchro-
tron Radiation Research Center (NSRRC).25 The integrated
setup was described in detail previously.16 The specimen was
placed in a Mettler Toledo FP84 DSC and isothermally crystal-
lized at 55 �C for in situ SAXS/WAXS/DSC. The synchronized
SAXSandWAXSdata collection timewas set to 1 frame per 15 s.
With the incident beam (λ=1.550 Å) offset from the center of the
area detector MAR165-CCD for a wider SAXS q-range, the
optimized geometry of the SAXS/WAXS/DSC setup covered the
main WAXS reflections of PTT crystals in the q-range of 1.0-
2.0 Å-1 and a SAXS q-range of 0.005-0.15 Å-1. The correspond-
ing sample-to-detector distances for the SAXS area detector and
1D WAXS detector (gas-type linear proportional counter) were
3100 and 600 mm, respectively. The scattering wavevector q =
4πλ-1 sin θ (with scattering angle 2θ) was calibrated using silver
behenate, sodalite, and silicon powder filled in a cell of 1 mm
X-ray path length under the same PTT sample environment.
Scattering datawere routinely corrected for sample transmission,
background, anddetector sensitivity. SAXS intensity profiles I(q)
circularly averaged from the 2D images were placed on the
absolute scale (defined as the differential scattering cross section
per unit volume, in units of cm-1).26 With fresh specimens in
repeated runs, experimental reproducibility was confirmed.

Time-resolved FTIR was performed on a glassy amorphous
specimen during isothermal crystallization (Linkam hot stage at
55 �C), using a Thermo Nicolet 6700 Fourier transform infrared
(FTIR) spectrometer equippedwith amultichannel detector. The
real-space image of the PTT sample at the end of crystallization
was obtained using a Philips TecnaiG2 F20 transmission electron
microscope (TEM) operated under an accelerating voltage of
120 kV.The specimen ca. 70 nm in thicknesswas sectionedusing a
Leica Reichert Ultracut E ultramicrotome, followed by RuO4

staining.
To extract the relative fractions of the amorphous, meso-

morphic, and crystalline domains along the thermal annealing
time,WAXS of nine PTT samples annealed at 55 �C for different
lengths of time up to 4000 s were performed at the powder X-ray
diffraction endstation of NSRRC beamline 01C (16 keV, λ =
0.775 Å, and sample-to-detector distance = 296 mm). These
same samples were further measured with temperature-modu-
lated differential scanning calorimetry (TMDSC) using a Perkin-
Elmer Diamond DSC under a dynamic mode with 60 s modula-
tion period and 0.5 �C/min heating rate to extract the amorphous
fractions of the samples (detailed below).

Data Analysis. SAXS intensity profiles in the low-q region
(0.005-0.03 Å-1) were modeled using the Guinier approximation

IðqÞ ¼ I0 expð- q2Rg
2=3Þ ð1Þ

for the radius of gyration Rg of the scattering particles
(corresponding to the largemesomorphic domains in this study).27

Here, I0 = np(ΔFV)2 is a prefactor depending on the scattering
particle concentration np, the particle volume V, and scattering
contrastΔF.9 SAXS intensity profiles in the intermediate-to-high-q

region (0.04-0.2 Å-1) contributed mainly by small PTT crystal-
lites were modeled by I(q) = npP(q)S(q), using the disk form
factor P(q) and a hard-sphere structure factor S(q). For disks
of thickness L and radius R, averaged over random spatial
orientations27
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where J1 is the Bessel function of the first order. In the Percus-
Yevick (PY) expression,28-30 the structure factor of hard spheres

SðqÞ ¼ 1=½1þ 24φGðAÞ=A� ð3Þ
is defined by the volume fraction φ and the effective hard-sphere
diameter d, with A= qd and
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A2

ðsin A-A cos AÞþ β

A3
½2A sin A

þð2-AÞ2 cos A- 2� þ γ

A5
f-A4 cos A
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where R = (1 þ 2φ)2/(1 - φ)4, β = -6φ(1 þ φ/2)2/(1 - φ)4, and
γ = 0.5φ(1 þ 2φ)2/(1 - φ)4. The mean distance ξ of the particles
can be deduced from np determined by the volume fraction and the
hard sphere size.16

Electron density heterogeneity was evaluated in terms of the
scattering invariantQSAXS=

R
0
¥I(q)q2 dq based on a two-phase

approximation.27 In practice, the upper and lower limits of the
integration were replaced by high-q and low-q bounds of SAXS
profiles extrapolated for relative scattering invariant. DSC-
determined crystallinity Wc,DSC was extracted from the DSC
trace based on the integrated heat flow up to time t and
was normalized to the heat of fusion of perfect crystal ΔHf� =
140 J/g;4 WAXS-determined crystallinity Wc,WAXS obtained
from the integrated intensity over the observedBragg reflections
(after subtraction of the amorphous intensity) was normalized
by the integrated intensity over the total WAXS profile.

Results

Simultaneous SAXS/WAXS/DSC. Figure 1 show the
SAXS profiles collected over the whole PTT cold crystal-
lization process, which is divided into the four stages of (1)
induction (Figure 1a), (2) nucleation (Figure 1b), (3) growth/
crystallization (Figure 1c), and (4) ripening (Figure 1d),
according to the distinctly different scattering features. All
the data are subtracted from the profile measured for the
glassy amorphous specimens at the beginning of the iso-
thermal annealing (t = 0 at 55 �C). The profile of a mono-
tonically decreased intensity with q is often observed in
supercooled polymer melts,31,32 which is of no direct rele-
vance in this study. The SAXS profiles before removing
the common background scattering are given as insets of
Figure 1. Concomitantly obtained WAXS spectra and DSC
trace are presented in Figure 2a,b.

In Figure 1a for the first 300 s of isothermal crystallization,
growth of SAXS intensity with a form-factor-like scattering
profile in the very low q region (0.005-0.04 Å-1) reveals the
formation of large, dispersed domains in the system.27

Nevertheless, this period of time is assigned as the induction
stage of crystallization, as there were little activities in DSC
and WAXS traces (Figure 2) other than a trace amount of
heat flow near the end of this stage. In the subsequent time
interval of 300-600 s, SAXS intensity (Figure 1b) increased
quickly in the low-q region around 0.01 Å-1, signifying a
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drastic development of the mesomorphic domains. Mean-
while, the gradually increased intensity in the higher-q region
(q > 0.025 Å-1) revealed the development of small nano-
structure corresponding to nucleation of nanograins (as
suggested by the SAXS data analysis detailed below). This
stage, thus termed as the nucleation stage, involved substan-
tial exothermic activity (Figure 2b). Featureless WAXS
spectra in Figure 2a, however, suggest that these small
nanograins are of a noncrystalline entity.16,17

In the following period of t=600-1200 s (Figure 1c), the
seemingly saturated scattering intensity in the low-q (<0.03
Å-1) region implies matured mesomorphic domains. In
contrast, fast increase in SAXS intensity in the higher-q
region of 0.03-0.12 Å-1 corresponds to an active growth
of the nanograins; the shoulder peak around q ≈ 0.06 Å-1,
revealing formation of a short-range ordering of the nano-
grains due presumably to the significantly increased nano-
grains (in size and number density; detailed below).
Concomitantly, broad Bragg’s reflections in WAXS profiles
(Figure 2a) and high activity in the DSC trace (Figure 2b)
indicated that these nanograins grew largely and formed 3D
organized chain packing, i.e., crystallization, in this growth/
crystallization stage.

In the last stage of the isothermal crystallization (t =
1200-4000 s), the shoulder peak at ∼0.06 Å-1 transits to a
broad hump centered around 0.08 Å-1 (Figure 1d), implying

an enhanced ordering of the nanocrystallites with a de-
creased mean spacing from 11 to 8 nm, as estimated from
the Bragg law. Correspondingly, drastically improvedWAXS
reflections shown inFigure 2a indicated highly developed 3D
chain packing; this involved, however, only residual exother-
mic activity (Figure 2b). Meanwhile, the low-q scattering
intensity contributed mainly by mesomorphic domains de-
creased successively, whichmight be resulted from clustering
of mesomorphic domains into agglomerates. Interconnected
domains, of an extended correlation length but reduced
scattering interfaces,may lead to the shifting of the scattering
profile toward even lower q region and reduced scattering
intensity in the monitored q region. A representative TEM
image taken for a fully cold crystallized PTT sample at 55 �C
supports the clustering of large mesomorphic domains (the
bright domains in Figure 3a) into multiply connected ag-
glomerates; the small PTT nanocrystallites inside the meso-
morphic domains, however, were not observable from the
TEM image due to the lack of sufficient contrast. Corre-
spondingly, a bluish haze from the crystallized sample
(Figure 3b) indicates existence of characteristic lengths in
the range of several hundred nanometers, presumably from
the agglomerates.

Time-Resolved FTIR. Shown in Figure 4a are the time-
resolved FTIR spectra recorded over the PTT cold crystalliza-
tion at 55 �C. Systematic changes of the several characteristic

Figure 1. Time-resolved SAXS profiles with andwithout (insets) subtraction of the first featureless profile measured at the beginning of the isothermal
crystallization at 55 �C. The profiles are divided into four stages (a-d) according to their distinctive scattering features.
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absorption peaks in the region of 800-1000 cm-1 could be
observed during the crystallization development. The net absor-
bance changes (Figure4b), after subtractingout that contributed
by the initial stateprior to the isothermalcrystallization, illustrate
better the growth in the bands centered at 871, 935, and
948 cm-1, and the decay in the bands centered at 874, 815, and
978 cm-1 during the crystallization process. In previous
studies,33,34 the 871 and 874 cm-1 bands were associated with
the B3u-CH out-of-plane bending of the phenylene rings in
the crystalline and amorphous phases, respectively, and the
978 cm-1 band with the vibration of trans glycol segments. On
the other hand, the 948 and 935 cm-1 bands were related to the
CH2 rocking of glycol residues in a gauche conformer in the
crystalline phase, whereas the 815 cm-1 band to the same group
but in a trans conformer in the amorphous phase. The absor-
bance changes in these bands observed (Figure 4b) are in general
consistent with the trans-to-gauche transition behavior in PTT
cold crystallization,35 as illustrated by the prominent decay and
growth of the 815 and 935 cm-1 bands, respectively, along the
annealing time in Figure 4c.

Complications arise in quantitatively correlating the
absolute gauche content in the system to the absorbance
measured, as local environments of theCH2 rocking of glycol
residues of the two conformers are different. Nevertheless,
following the previous assumption by Chuah,36 we could
estimate a relative gauche content G(t) = A935/(A935 þ A815)
defined by the respective normalized (to unity) absorbance

bandsA935(t) andA815(t) at 935 and 815 cm
-1.36 As shown in

Figure 4c, G(t) increases from 0.28 in the beginning of the
nucleation stage (t ≈ 300 s) to 0.41 at the end of the crystal-
lization. This result indicates that the local trans-to-gauche
transition in chain conformation started to occur only after
formation of the mesomorphic domains in the induction
stage I and was associated closely with the formation and
crystallization of nanograins in the subsequent stages.

Correlated Structural Characteristics. We performed de-
tailed data analysis to correlate the SAXS,WAXS, andDSC
results quantitatively. For the mesomorphic domain size, we
modeled the SAXS profiles (Figure 5) in the low-q region
with the Guinier approximation.27,37 The fitting result sum-
marized in Figure 7 indicates that the mesomorphic domains
have a nucleation size of Rg ≈ 7 nm (diameter D ≈ 18 nm, if
spherical shape is assumed). The size then grows steadily
according toRg� t0.5 up to 20 nm (orD≈ 50 nm for spheres)
at the end of the growth/crystallization stage. Fitting results
using sphere form factor and Schultz size distribution
function17,27 indicate that the polydispersity of the meso-
morphic domains enlarges from 9 to 15%when the diameter
increases from 18 to 50 nm.

On the other hand, we modeled the SAXS data in the
higher q (0.04-0.16 Å-1) region using disk geometry for the
nanograins; sphere and rod models could not fit the data
satisfactorily, whereas oblate shape gave similar result to
that given by the disk model. In the nucleation and growth
stages, simple form factor P(q) could fit the data reasonably
well (Figure 6); PY hard-sphere structure factor S(q) had to
be used in the late stage of crystallization, as illustrated in
Figure 6. The growths of the fitted disk diameters 2R
(2.5-5.0 nm) and thickness L (2.2-3.0 nm) and the nearly
constantmean spacing of the nanograins ξ (decreased from 8
to 7 nm) are summarized in Figure 7. The fitted thicknesses
(L) of the disk-like nanocrystallites are, in general, consistent
with those obtained using the 1D correlation function anal-
ysis for the crystal slab thickness.9 The nanograins of aspect
ratio 2R/L = 1.5 and mean spacing 7 nm may be taken as

Figure 2. (a) RepresentativeWAXS profiles and (b) the corresponding
DSC trace simultaneously obtained along with the SAXS profiles
(Figure 1) during cold crystallized of PTT at 55 �C. The arrow in (a)
denotes development of WAXS-detectable crystallinity after t=600 s,
whereas that in (b) marks the onset of the crystallization exotherm at
t = 90 s. Note that the logarithmic t scale tends to visually exaggerate
the weighting of thermal activity in the short-t range.

Figure 3. (a) TEM bright-field image of the PTT after cold crystal-
lization at 55 �C, demonstrating percolated crystalline domains within
the RuO4-stained amorphous matrix (dark area). (b) Photographs
illustrating the change from transparency of the as-quenched PTT glass
to translucency (with bluish tints) after cold crystallization.
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imperfectly stacked lamellae (near-neighbor ordered in a
range of ∼20 nm, as estimated from the width of the
scattering hump). To correlate all the activities during the
crystallization process, we have also included normalized
crystallinities Wc,WAXS and Wc,DSC as well as scattering
invariant QSAXS (extracted from the WAXS, DSC, and
SAXS data) in Figure 7.

Discussion

Preordering Behavior. Previously, on the basis of simulta-
neous SAXS/WAXS/DSC results, we proposed formation of

noncrystalline nanograins prior to crystallization based on
the cold crystallization of poly(9,9-di-n-octyl-2,7-fluorene)
(PFO)16 and syndiotactic polystyrene (sPS).17 There, we
also commented16 on similarities and differences of the pro-
posed nanograin picture as compared to earlier concepts of

Figure 7. Structural evolution during cold crystallization of PTT: (a)
DSC trace, (b) development of DSC- andWAXS-defined crystallinities
Wc,DSCandWc,WAXS, andSAXS invariantQSAXS, (c) radiusof gyration
of themesomorphic domainsRg, diameter (2R) and thickness (L) of the
disk-like nanocrystalline grains within the mesomorphic domains, and
mean spacing ξ betweenneighboring nanograins.Different background
shades indicate the four assigned stages of (I) induction, (II) nucleation,
(III) growth/crystallization, and (IV) ripening.

Figure 4. (a) Time-resolved FTIR spectra of PTT, (b) the difference
spectra after subtraction of the first spectrummeasured at t=0, and (c)
normalized absorbance changes in 935 and815 cm-1 bands and increase
in FTIR-determined relative gauche content G(t) during cold crystal-
lization at 55 �C.

Figure 5. Guinier plots of the SAXS data and the corresponding
fittings (solid lines).

Figure 6. (a) Model-fitting (solid curves) of the SAXS profiles
(subtracted with the featureless profile measured before isothermal
annealing) in the high-q region. (b) The best-fit disk form factorP(q). (c)
The corresponding PY structure factor S(q).
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nanocrystalline blocks by Perterlin,38 mesomorphic precur-
sor by Strobl,15 and spinodal-like cold crystallizationmecha-
nism by Ryan in particular.22 In those comments, we related
the solid-like molecular packing, the lack of crystal-like
reflections, and the stagnant size without growth of the
nuclei (nanograins) to the “mesophase” precursor hypothe-
sized by Strobl and indicated that such NG behavior bears
no direct counterpart in SD mechanism.

In this study with PTT cold crystallization, we furthermore
unveiled an even earlier and larger scale of chain preordering
behavior (tens of nanometers), i.e., the formation of large
mesomorphic domains, before formation of small noncrystal-
line nanograins (a few nanometers), as illustrated in Figure 7.
Monotonic intensity increase of the SAXS profile without an
ordering peak in the low-q region prior to crystallization was
also observed by Imai and Kaji on the crystallization of a
homologous polymer of poly(ethylene terephthalate) (PET).20

On the basis of the liquid-liquid phase separation mechanism
proposed by Olmstead et al.,39 this phenomenon was inter-
preted as NG of large mesomorphic domains (termed as
“droplets” therein)20 resulted from a primary phase separation
of the polymer melt in the metastable region upon cooling to
some 20 �C below the melting temperature Tm. Moreover, the
oriented (smectic) domains subsequently observed before for-
mation of smaller crystallites inside these mesomorphic do-
mains from the primary phase separation (the so-called SAXS
peak prior toWAXS reflections20,22) was then described as the
secondary phase separation via spinodal decomposition.

Summarized in Figure 7 are characteristics for the large
mesomorphic domains we observed in the induction stage of
PTTcold crystallization.The lackof crystal-like reflections, the
stagnant domain size for a short moment (up to t ≈ 100 s)
before growth, the conservation of the trans/gauche composi-
tion (Figure 4c), and the formationofmesomorphicdomains in
a large scale before crystallization are qualified for phase
separation via amechanism similar to that proposedpreviously
based on the coupling between density and chain conforma-
tion.20,22,39 It is then appealing to follow the interesting theore-
tical frame devised by Ryan et al.22 for phase separation and
relate the two conformers of transandgaucheofPTT to the two

components needed in the phase separation; the conserved
population of the conformers observed in the induction stage I
simply fits the assumption required for the phase separation.
Furthermore, using small-angle light scattering (SALS),9 we
have observed previously the occurrence (t ≈ 100 s) of optical
anisotropy in the induction stage, due presumably to a con-
sequence of chain orientation fluctuations/segregation (for a
nematic-like ordering), that relates to the assumed key driving
force of density-conformation coupling in this phase separa-
tion mechanism for homopolymer crystallization.22,39 No ne-
matic-like domains, however, could be identified in that study
with SALS,9 presumably due to the relatively small mesomor-
phic domains size of several tens of nanometers (as revealed by
SAXS here), relative to the sensitive length scale of the optical

Figure 8. Schematic illustration of the proposed evolution of hierarchical structure during cold crystallization of PTT at 55 �C: (I) mesomorphic
domains containing short-range aligned chains (dimers) for the induction stage, (II) mesomorphic domains with noncrystalline nanograins inside for
the nucleation stage, (III) loosely interconnected mesomorphic domains, each filled with crystallized nanograins for the growth stage, and (IV)
multistage agglomerates comprised of the percolated network of mesomorphic domains filled with nanograins during final ripening.

Figure 9. Evolutions of the fractions of amorphous (Wa), meso-
morphic (Wm), and crystalline domains (Wc) during PTT cold crystal-
lization at 55 �C. The solid curves are for eye-guiding only. Different
background shades indicate the four assigned stages of (I) induction,
(II) nucleation, (III) growth/crystallization, and (IV) ripening.
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tool used. Note that phase separation may occur via the route
of either NG or SD, depending on, for instances, the initial
conformer composition or the crystallization temperature.20

We speculate that the asymmetric relative gauche content of
0.28 (Figure 4c) might be a critical parameter for theNG route
observed for PTT.More experimental data with different con-
former ratios (whichmay bemodulated by annealing tempera-
ture, crystallization temperature, or mechanical orientation
such as shearing), however, are needed to clarify this spec-
ulation. Interestingly, with dynamic mechanical analysis,9

we could determine a gelation point near the transition from
the induction to nucleation stage. The gelation point implies
a liquid-to-solid transition behavior and signifies the begin-
ning of the formation of noncrystalline nuclei of solid-like
molecular packing.

Nanograin Crystallization Behavior. Subsequent to the
phase separation for mesomorphic domains are the high
local chain activities, include formation of the noncrystalline
PTT nanograins in the nucleation stage II, growth/crystal-
lization of the nanograins in stage III and the final matured
crystallites with a short-range ordering in stage IV. Other
than some details depending on the specific properties of
PTT, the structural evolution of the nanograins within pre-
sumably the large mesomorphic domains, in general, follows
the nanograin model we proposed previously for the cold
crystallizations behavior of PFO16 and sPS.17

The time-resolved FTIR result further elucidates that the
onset of chain conformation transition, namely, the trans-to-
gauche transition (Figure 4c), was concomitant with nuclea-
tion of the small noncrystalline nanograins in stage II
(Figure 7c), which involved a high activity of the exothermic
trace prior to the detection of WAXS reflections (for 3D
ordered chain packing) in the growth stage III. Quantitative
analysis indicates that ca. 40% (Figure 7b) of the total heat
release occurred in stage II for the formation/growth of the
noncrystalline nanograins. Including the heat flow in the
induction stage I, chain preordering behavior prior to crys-
tallization contributed as much as 50% of the total heat
release in thewhole crystallization process. The nucleation of
the noncrystalline nanograins ismanifested by the stationary
size for a short moment before the growth of the nanograins
in both the lateral size (2R) and thickness (L) of the disk-like
morphology (Figure 7c).

In the subsequent stage III for major crystallization, only
the lateral size of the nanograins grew continuously, which

accompanied the fast development of WAXS reflections
from this preferred crystallization plane perpendicular to
the molecular axis of the disk-like nanograins. The growth
rate of the lateral size of the nanograins follows roughly a
power-law behavior of t0.5, suggesting a diffusion-controlled
growth mechanism, which may be suitable for ordered
chains diffusing within a random-chain-confined matrix.
The growth stage III manifests high activities in the SAXS
invariant (QSAXS) and the DSC and WAXS defined crystal-
linities (Wc,WAXS and Wc,DSC), as shown in Figure 7a,b.
Overall, stage III contributed another 40% of the total heat
flow and the first 15% of crystallinity (out of the 22% total
crystallinity). The much earlier development ofWc,DSC than
that ofWc,WAXS reveals a comparable heat flow contribution
from noncrystalline chain preordering in stages I and II, as
compared to that released from organizing 3D ordered
chains of WAXS reflections in stages III and IV.

The final stage IV for ripening is marked by the emergence
of a mean spacing ξ owing to the formation of a short-range
ordering of PTT crystallites (Figure 7). The slowly decreased
ξ in this stage implies asymptotically saturated number
density and size of the crystallites, leading to the residual
activities of QSAXS, Wc,DSC, and Wc,WAXS. The size of the
mesomorphic domains can no longer be determined from the
SAXS profiles during this stage, as these domains had
collided with each other into agglomerates evidenced by
TEM (Figure 3), hence losing the entity of individual size.
Fusion of these mesomorphic domains for agglomerates
may, in some sense, terminates the growth/expansion of
the PTT nanocrystallites inside, leading to denser, short-
range ordered nanocrystallites.

In Figure 8, we cartoon the structural features of each stage
in the PTT cold crystallization, including (I) mesomorphic
domains that are rich in short-range aligned chains (dimers)
for the induction stage, (II) noncrystalline nanograins popu-
lated inside the dispersed mesomorphic domains for the
nucleation stage, (III) loosely interconnected mesomorphic
domains, each filled with crystallized nanograins for the
growth stage, and (IV) themultistage agglomerates comprised
of the percolated network ofmesomorphic domains filledwith
short-range ordered crystallites for the final ripening stage. It
is then interesting to note that, as the mesomorphic domain
morphology places possible restrictions to the final crystal-
lite size and morphology, controlled phase separation via
proper selections of quenching/annealing conditions offers

Figure 10. Selected WAXS profiles of an as-quenched PTT sample (a) and samples annealed at 55 �C for (b) 300 s and (c) 4000 s. The WAXS data
(open circle) are respectively fittedwith the amorphous halo (dotted line) in (a), and themesomorphic (thick solid curve) and amorphous (dotted curve)
halos in (b), and seven crystalline peaks (thin solid curves) together with the reduced mesomorphic (solid curve) and amorphous (dotted curve) halos
in (c).
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possibilities of manipulating subsequent crystallization
kinetics and gelation behavior. This awaits further scrutiny.

Transitions amongAmorphous,Mesomorphic, andCrystal-
line Domains.We have interpreted the cold crystallization of
PTT in terms of the evolutions of the mesomorphic domains
and crystalline nanograins; the corresponding structure
characteristics revealed by SAXS, including the domains size
and shape, are manifested in Figures 7 and 8. Furthermore,
we show below the local chain packing characteristics of the
amorphous, mesomorphic, and crystalline phases via their
signatureWAXS patterns as well as the characteristic transi-
tions between these phases during thermal annealing. Using
the WAXS profiles collected for the PTT samples annealed
at 55 �C for different lengths of time (cf. Figure 9), we could
decompose the fractions of the three phases. Specifically, the
crystalline fractions of these annealed samples were calcu-
lated from the WAXS-determined crystallinity Wc as that
done previously. On the other hand, the corresponding
amorphous fractions of the samples were extracted from
the scaling relation Wa = ΔCp/ΔCp

o, where ΔCp is the heat
capacity increment at Tg measured using TMDSC, and
ΔCp

o = 94 J K-1 mol-1 corresponds to the heat capacity
increment of a complete amorphous phase reported pre-
viously.40 Here, we have assumed that mesomorphic do-
mains do not contribute significantly to ΔCp. With the
fractions of the crystalline and amorphous phases deter-
mined, the fractions of the mesomorphic domains Wm in
these samples could be straightforwardly deduced based on
the unity conservation. The thus-extracted fractions of the
amorphous, mesomorphic, and crystalline phases along the
annealing time are illustrated in Figure 9. Correlated evolu-
tions of these fractions indicate that (i) the transition from
amorphous domains to mesomorphic ones occurred mainly
in the induction stage I and saturated to∼60% in the stage II
and (ii) the growth of the 20% crystalline domains in stages
III and IV was transformed mainly from the mesomorphic
domains, while the amorphous domains remained at a
constant fraction. The ∼40% mesomorphic domains left at
the end of the PTT cold crystallization at 55 �C (t = 4000 s
in Figure 9), likely corresponds to the rigid-amorphous
phase proposed previously.40 Complete transformation of
the mesomorphic to crystalline domains was observed in
the cold crystallization of isotactic polypropylene (iPP)
previously.41

With the determined fractions of the amorphous, meso-
morphic, and crystalline phases (Figure 9), we could retrieve
the signature WAXS pattern of the mesomorphic domains
(Figure 10b) from the WAXS profile measured at t = 300 s
(end of the stage I; only two phases involved), simply after
removing the percentage contribution (40%) of the amor-
phous WAXS profile (Figure 10a) measured at t = 0 s.
Similarly, the WAXS profile measured the end of cold
crystallization (at t = 4000 s) could be decomposed into
the reduced amorphous and mesomorphic halos, together
with the seven characteristic crystalline peaks of PTT
emerged (Figure 10c), according to the determined fractions
0.38, 0.42, and 0.2 for the amorphous, mesomorphic, and
crystalline phases (Figure 9).

Conclusions

We have investigated the structure evolution of PTT in cold
crystallization using simultaneous SAXS/WAXS/DSC, time-re-
solved FTIR, and TEM. Integration of the reciprocal- and real-
space data allows us to construct amodel of hierarchical structure
evolution for the cold crystallization process, which comprises (I)
induction, (II) nucleation, (III) growth/crystallization, and (IV)
final ripening stages.Aphase separationmechanism is adopted to

describe the nucleation-and-growth of mesomorphic domains
(with a linear dimension from 18 to 50 nm) in stages I to III. This
is accompanied or followed by formation of nuclei and their
subsequent development into crystalline nanograins up to several
nanometers in the lateral (5 nm) and thickness (3 nm) dimensions
in stages II to IV. Quantitatively resolved transitions among the
amorphous, mesomorphic, and crystalline domains imply that
the crystalline domains were developed mainly from the meso-
morphic domains.
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