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Abstract

Recent discovery of a low-cost production of poly (trimethylene terephthalate)
(PTT) has led to a renewed interest in its study. In particular, the morphology of the
polymer molecules is the key to understanding the variation of the properties of PTT
fibers under different processing conditions. In this 3-year project, we propose to use
molecular dynamic simulations to determine both the morphology and properties of
PTT at the atomic level. In the past year (year 2), we have determined various
physical and mechanical properties of PTT and observed the temperature induced
crystallization phenomena in our simulation. Specific work that has been
accomplished includes

1. Determination of the mechanical properties such as the Young’s modulus of PTT.
2. Determination of the glass transition temperature (Tg) and melting temperature

(Tm) of PTT.
3. Microstructure analysis of PTT during crystallization from its melt.

Our atomistic molecular dynamic simulations reveal the formation and growth of
highly oriented but loosely packed clusters upon quenching a melted semi-rigid
polymer, poly(trimethylene terephthalate). The formation of the precursors is found to
be rapid and may play an important role as an incubator for crystal nuclei formation.
We find that the formation of such nucleus precursors may take place as soon as the
polymer enters a metastable state. The growth of the precursor is found to be quite
rapid, with the Avrami rate constant being, 8.16 × 107 s-0.9. These results provide

fruitful insights to the molecular mechanism of polymer crystallization.



Introduction
In the first year of this three-year project, we have successfully used molecular

dynamics simulations to determine the structure, energetic, and vibrational (Infrared)
properties of PTT both in the crystalline and in the amorphous state. Based on this
foundation, we have now moved forward to study the crystallization process of PTT
under thermal (cooling) and stress (drawing) treatments. Our focus in the past (second)
year was to investigate the mechanism of PTT crystallization whiling cooling it from
its melt.

In classical theory of nucleation, the crystallization of a material when cooled to
a temperature below its melting point is generally recognized to be a two-stage
process. In the stage of primary nucleation, crystal nuclei (clusters comprising ordered
molecules) appear and re-dissolve via molecular collisions until the size of a nucleus
reaches some critical value, above which the nuclei are thermodynamically stable.
The subsequent growth of the critical nuclei follows kinetic mechanism and is
classified as secondary nucleation. Complicated by additional constraints in
topological connectivity, the crystallization in polymers presents remarkable
differences both in the nucleation and in the growth periods when compared to that in
small molecules. While extensive experimental [1-4] and theoretical [5-7] efforts are
made to verify and explain the molecular mechanism in the growth of nuclei in
polymeric materials, the primary stage of polymer crystallization is less well
understood. Recent works [8-14] show that there exist nucleus precursors prior to the
formation of crystal nuclei. While such existence of nucleus precursors is criticized by
some researchers [15-17], some believed that the precursors may be the reason for
memory effects in polymeric materials [18]. Simulation work of Gee et al. [19]
provided an unambiguous evidence of precursor formation as polymer melts are deep
quenched into the unstable region where spinodal decomposition starts.

Our recent atomistic molecular dynamic simulations reveal the formation and
growth of highly oriented but loosely packed clusters upon quenching a melted
poly(trimethylene terephthalate). Unlike the work of Gee et al., here we show that
such precursors may occur much earlier as soon as the polymer enters the metastable
region. The formation of the precursors is found to be rapid and may play an
important role as an incubator for crystal nuclei formation.

Simulation Details
Molecular dynamics simulations are performed to study the precrystallization

process of poly(trimethylene terephthalate), PTT (whose chemical structure is shown
in Fig. 1). PTT, a member of aromatic polyesters, exhibits outstanding elastic
recovery and resiliency properties over its homologous sisters PET and PBT. The
molecular models of PTT are prepared using commercial package Cerius2 [20]. Each



model contains 4 chains of PTT molecules, each having a degree of polymerization of
27 (i.e., 5568g/mol. Note that the entanglement molecular weight of PTT was
determined to be 4900 to 5000 g/mol. [21, 22]) Thus each unit cell contains 108
repeating units of PTT, or, equivalently, 2708 atoms. Note that the use of relative
small system sizes in our simulations effectively prevents fluctuations of long
wavelengths within the system, i.e., no spinodal decomposition is possible. The
computer code LAMMPS [23] is used for all subsequent molecular dynamic
simulations. A series of expansion and compression steps were applied to the initial
structures in order to obtain equilibrium samples at 600K (which is above the melting
temperature Tm). The equilibrated sample is then cooled to 50 K at a rate of 1 K/ps. At
each 50 K interval during the quenching process, simulation samples are taken and
subjected to long (up to 7 ns), constant temperature and pressure simulations for the
nucleation analysis. The particle-particle-particle mesh Ewald technique [24] is used
for the long range electrostatic interactions. Nose-Hoover thermostat is used for
temperature control. The integration time step used is 0.5 to 1 fs.

Figure 1. A fragment (4 repeating units) of the PTT chain. Carbon atoms are
shown in grey, oxygen in red, and hydrogen in yellow. The green cylinders
connecting the centers of adjacent aromatic rings are taken as elementary
segments in the precursor analysis.

Results and Discussion
In the following the result of our simulation work is organized in three parts: (1)

the mechanical property of PTT, (2) the melting and glass transition temperature of
PTT, (3) the formation of nucleus precursor of PTT while quenching from the melted
state. The first two parts are served as a validation of the force field used in our
simulation.

1. Mechanical property (Yong’s modulus) of amorphous PTT
The elastic constant of PTT is determined from the slope of the stress-strain

curves. The amorphous PTT sample is stretched in some direction (x, y, or z axis) at 3
different deformation rates (1011 s-1 to 109 s-1). The results are illustrated in Fig. 2.



Fig. 2 The stress strain-curve of PTT from three axes at different deformation
rates.
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Table 1 summarizes the calculated resultof Young’smodulus. The average value
from simulation is 3.35±0.21 GPa. This is in good agreement with that from

experiments, 2.3~2.8 GPa [25-27].

Table 1 The Calculated Result of Young’s Modulus Value.
PTT sample Deformation rate (s-1) Ea Eb Ec <E>

54-4-17 1×1010 6.48 2.88 0.73 3.36
1×109 3.88 3.59 5.42 4.30

54-4-18
1×1010 5.04 1.98 7.13 4.72
1×109 4.40 3.24 4.58 4.07

18-12-4
1×1010 5.53 4.91 2.02 4.15
1×109 2.98 1.98 4.05 3.00

18-12-6
1×1010 4.64 2.96 2.24 3.28

2. Melting and glass transition temperatures of PTT
The melting temperature (Tm), below which crystallization driven by

thermodynamics may occur, and glass transition temperature (Tg), below which
crystallization may cease due to the lack of sufficient molecular mobility, are
determined by examination of the variation of density upon cooling and heating at a
rate of 1K/1ps. Hysteresis in the density change is observed as shown in Fig. 3. Upon
cooling we observe a discontinuous change in density at 500 ~ 550 K (Tm,
experimental value is 499~503 K [1, 25, 28]) and a change of slope at 350 K. Upon
heating we observe a change of slope in the density at about 400 K. These results
suggest that the Tg is about 375 K (experimental value is 315~348 K [3, 25]). The
overestimation of Tg from simulation may be a result of the rapid cooling rate used
here.



Figure 3. The density variation of PTT upon cooling and heating.

3. Formation of pre-crystal nuclei whiling cooling PTT from its melt
3.1 Definition of nucleus precursor

To detect and quantify any structural development, we define the nucleus
precursors in the system as follows. (1) A segment of PTT is defined to be the vector
pointing from the center of an aromatic ring to the next aromatic ring on the same
polymer chain (green cylinders in Fig. 1). (2) Adjacent segments are defined as those
whose distance between center of mass fall within 9 Å. [note the lengths of a PTT
crystal unit cell are 4.64, 6.27, and 18.64 Å] (3) Two adjacent segments whose
included angles are within 10 degrees are marked as mutually parallel. (4) A nucleus
precursor is identified as a cluster containing mutually parallel segments. Based on
this definition, we may easily determine the number ns of nucleus precursors
containing s parallel segments at any instant of time in the course of dynamic
simulation. For example, the precursors identified from the NPT simulation at 400K
are illustrated in Fig. 4 for 6 time instants. In the beginning of the simulation (e.g. 62
ps) most of the segments are disordered (in yellow). Several medium sized clusters
(magenta, pink, red) start to form and some of them may continue to grow to a highly
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oriented but loosely packed cluster (blue, after 1102 ps).

Figure 4. Illustration of the growth of nucleus precursor from melted state at 400
K. A color scale (from yellow (s=1) to dark blue (s=8)) is used for better
discrimination of the size of precursors.

3.2 Growth of precursor
To quantify precursor development in the system, we define the average number

<ns> of appearance of precursors of size s as the average value of ns (calculated at
every picosecond) over one nanosecond. In Fig. 5 the time variation of <ns> is
depicted for s=3, 5, and 8 (other precursor sizes show similar behaviors) at
temperatures from 50 K to 600 K. Small sized precursors (s=3,4,5) appears soon after
the quenching process. (Note that we have excluded s=2 from the candidate of
precursor because formation of such clusters highly depends on segment collisions
and the value of <n2> is almost time invariant at a given temperature. This can also
been seen from the green clusters in Fig. 4.) In addition, there is an increase of <ns>
with time at about 400 K but an decrease of <ns> at temperatures near Tm and Tg.
Little or no large precursors (s=6,7,8) were found in the beginning of simulation but
they do emerge and grow, especially at around 400 K. As a consequence we observe
the <ns> for a certain sized precursor to have a maximum at 400 K.

62 ps 196 ps 211 ps

1028 ps 1102 ps 3030 ps

10 Å

1

8



Figure 5. The variation of precursor number <ns> with temperature at different
times. (a) s=3, (b) s=5,.(c) s=8.
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The development of precursors indicates the increase of local ordering within the
system. Since their appearance is much earlier than the more compact nuclei, we refer
this stage as precrystallization (induction period) and the local ordering as
precrystallinity. (We have separately confirmed that the system as a whole remain
isotropic at all temperatures, i.e., there is no long-ranged directional preference for the
orientation of the precursors as one would expect from quenching.) To quantify the
local ordering, we define the degree of precrystallinity Xs from precursors of size s as

)/(
1






i

iss ninsX , and the total degree of precrystallinity X to be 





3s

sXX .

From Fig. 6, one can observe a clear trend of enhancement of precrystallinity with
time near temperature 400 K. Strikingly the temperature dependence of the
pre-crystallinity curve resembles that of nucleation rate for common polymers. This
indicates that the existence of nucleus precursors plays an important role in the
nucleation process.

With a closer analysis of the simulation trajectory, we found that the formation
and growth of nucleus precursors is a highly dynamical process. In the liquid state
(600 K) there are constant formation and disintegration of small clusters (s=3,4,5) via
segment vibration and collisions, i.e., these clusters are short-lived. As the system is
quenched below Tm, some segments may agglomerate or deposit on a nearby cluster
to form larger sized precursors. In the subsequent NPT runs, these precursors may
grow, break down to small clusters, or dissolve back to the amorphous phase. Both the
growth and disintegration of precursors are observed in this stage, however, the net
effect (for a certain sized cluster to grow or dissolve) depends on the temperature and
the size of the precursor (as it should be driven by thermodynamic equilibrium). As
the temperature falls below Tg, small precursors become long-lived, however, most of
them lose sufficient mobility to overcome barriers which prevents the formation and
growth of larger precursors. As a consequence, we observe the presence of precursors
peaks at a temperature between Tg and Tm.

Figure 7 shows the variation of Xs and X with time at 400 K, at which condition
the growth rate of precursors is maximum from our simulation. It is seen that local
ordering from small precursors reaches a steady value within 7 ns, while those from
large precursor may continue to grow. By fitting X(t) to the Avrami equation
(  )exp(1)()( nkttXtX  ), we find that the the Avrami rate constant k is 8.16 ×
107 s-n (n = 0.9). This is quite rapid compared to the values 2.14× 10-4 s-n (n = 2.6) for

primary nucleation and 1.15 × 10-1 s-n (n = 0.8) for secondary nucleation from
experiment at 450 K [4], at which condition the growth rate of PTT nuclei is
maximum from experiment.



Figure 6. Variation of total precrystallinity with temperatures at different
simulation times.

Figure 7. Time evolution of the precrystallinity Xs from s=3 to 8 and total
precrystallinity X at 400K. The solid curve for X is the calculation based on the
Avrami equation.
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Future work (計畫成果自評)

We have observed the formation of nucleus precursors prior to the crystallization
process. It is found that the growth rate of nucleus precursors has a remarkable
resemblance to the nucleation rate of PTT. This indicates that the formation of
precursor may assist in the nucleation process in the later stage. In the final year of
this project, we will continue to investigate the nucleation process during cooling. In
addition, we will study the process for PTT under stress. We will use the analysis
tools developed over the past years to study the property-morphology relationships of
PTT. The ongoing work include

1. Infrared analysis on PTT whiling cooling from the melt
2. investigation of the stress induced crystallization of PTT
3. investigation of the change of infrared spectrum during the crystallization of PTT
4. Establishment of the property-morphology relationships of PTT fibers
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Appendix III

Papers to be presented at the AIChE 2007 Annual Meeting, San Francisco, CA,
September 10-14, 2006 in San Francisco (from 09-10-2006 to 09-14-2006)

Paper I: 01A09 Nucleation and Growth
Molecular Dynamic Simulations of Polymer Crystallization At The Early Stage
Min-Kang Hsieh and Shiang-Tai Lin, Department of Chemical Engineering,
National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei, 10617, Taiwan

Our atomistic molecular dynamic simulations reveal the formation and growth of
highly oriented but loosely packed clusters (nucleus precursors) upon quenching a
melted semi-rigid polymer, poly(trimethylene terephthalate) (PTT). While extensive
experimental and theoretical efforts are made to verify and explain the molecular
mechanism in the growth of nuclei in polymeric materials, the primary stage of
polymer crystallization is less well understood. Recent studies show that there exist
nucleus precursors prior to the formation of crystal nuclei, and the simulation work of
Gee et al. (2006) provided an unambiguous evidence of precursor formation as
polymer melts are deep quenched into the unstable region where spinodal
decomposition starts.

Here we show that such precursors may occur much earlier as soon as the polymer
enters the metastable region. The temperature dependence of the local ordering
(precrystallinity) caused by the formation of nucleus precursors resembles that of
nucleation rate in common polymers. The growth of the precursor is found to be quite
rapid, with the Avrami rate constant being, 8.16×107 s-0.9, and the precrystallinity



reaches about 10% at 400 K. Therefore the formation of the precursors is rather rapid
and may play an important role as an incubator for crystal nuclei formation.

Paper II: 21000 Computational Molecular Science and Engineering Forum
Prediction Of Mixture Vapor-Liquid Equilibrium From The Peng-Robinson
Equation Of State With Gex-Based Mixing Rule
Ming-Tsung Lee and Shiang-Tai Lin, Department of Chemical Engineering,
National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei, 10617, Taiwan,
Taipei, Taiwan

In this work we analyze the prediction of vapor-liquid equilibria (VLE) for a variety
of binary mixtures over a wide range of temperature (183.15K–623.15K) and
pressure (0.1MPa -19 MPa) from the use of Peng–Robinson equation of state (PR
EOS) and Gex-based mixing rule, such as the Wong-Sandler (WS) and modified
Huron-Vidal (MHV1) mixing rule. The predictive COSMO-SAC liquid activity
coefficient model (LM) is used to provide the excess Gibbs free energy for the liquid
phase.

In general, the predictions from the use of MHV1 mixing rule (average absolute error
in pressure and in vapor phase composition are 2.5% and 4.9%, respectively) is more
accurate than that from WS mixing rule (6.3%, 7.9%). It is found that the less
accurate results from the WS mixing rule are owing to the inherent assumptions made.
By means of analyzing excess energy, we found that the accuracy from the WS
mixing rule can be improved with either of the two modifications: (1) The
Stavermann–Guggenheim combinatorial term in the COSMO-SAC is ignored, and so
the LM is denoted as COSMOSACres. The average error in both pressure and vapor
phase composition from this approach is lowered to 4.0% and 4.7%, respectively. (2)
Instead of matching Gex from EOS and LM in the infinite pressure limit, we suggest
to use the ambient condition instead. A detailed discussion for the improvements will
be presented.


