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Abstract : The phase transformation of poly(trimethylene terephthalate) in crystalline state was simulated by atomistic
modeling using molecular mechanics technique. The crystalline structure of PTT was successfully prepared using the
well-defined unit cell structure of PTT and was satisfactorily verified by comparing that with the structure obtained
from the x-ray diffraction experiments. The basic elastic properties were predicted in this study, showing that the crys-
talline structure of PTT is very pliable to the deformation at small strain. When the crystalline structure of PTT was
stepwise deformed up to 50% of strain in chain direction under uniaxial extension condition, the change in dihedral
angle of trimethylene unit from gg to # conformation was accompanied with a large increase of stress, indicating that
the phase transformation of PTT in crystalline state is difficult to occur.

Introduction

In recent years, poly(trimethylene terephthalate) (PTT)
has attracted much interest, because it has better elastic
recovery than poly(ethylene terephthalate) (PET) and poly
(buthylene terephthalate) (PBT). This property may arise
from the chemical structure of PTT as shown in Figure 1,
i.e., the PIT has an odd number of methylene units
between the terephthalate residues whereas PET and PBT
have even numbers of methylene units. It is well known
that, in many polycondensation polymers, an odd or even
number of methylene units in their chemical structure can
affect physical properties of the polymers, so-called the
odd-even effect. In fact, the elastic recovery is in an order
of PTT > PBT > PET[1]. However, the exact mechanism
related to the above-mentioned odd-even effect has not
been completely understood yet. As one of possible
answers to this result, it is suggested that the crystal of
PTT shows a distinct mechanical response compared to
that of PET and PBT. Analysis of crystalline structures of
PET[2,3], PTT[4,5], and PBT[6-11], shows that the ali-
phatic part of PTT takes a highly coiled structure of
gauche-gauche (gg) conformation, whereas that of PET
and PBT takes trans () and gauche-trans-gauche (gzg)
conformation, respectively. Jakeways et al.[6] have stud-
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Figure 1. Chemical structure of PTT and definitions of dihedral
angles in backbone chain.
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ied the deformation of crystalline structure of PTT by
drawing monofilament of PTT and observed using
WAXS that the crystal lattice of PTT responds immedi-
ately to the applied stress in elastic region of strain
whereas the crystal lattice of PET and PBT does not
change up to 4% of strain. Since the crystalline structure
of PET takes trans conformation in its aliphatic part, it is
not-easy to deform the crystal lattice at small strain. How-
ever, the deformation behavior of PBT at small strain
seems strange, because the aliphatic part in PBT crystal
takes a coiled conformation as in the case of PTT.

It has been known that PBT has two distinct crystalline
forms depending upon thermal and mechanical conditions.
In other words, PBT shows polymorphism. An ¢ phase
was found in relaxed samples and a 3 phase was found in
stressed samples. Crystal structures were determined for
these phases by Joly[12], Mensik[13] and others[14,15]
and it was agreed that in the o phase the aliphatic part of
the polymer chain takes up the conformation of gauche-
trans-gauche links whereas the 8 conformation consists of
an extended all trans structure. Further confirmation of
these structures was provided by infrared spectroscopy
and by Raman spectroscopy[16]. The « and f transition
was found by Jakeways et al.[6] to be completely revers-
ible on removal of the strain and was coincident with the
plateau region of the stress/strain curve. PET, however,
does not show polymorphism, i.e., the crystal structure of
PET is not dependent upon drawing and heat treatment
conditions. Now a question arises as to whether or not
PTT, the intermediate structure between PET and PBT in
a series of poly(alkylene terephthalate), shows polymor-
phism in its crystal structure. The answer has not been
reported.

Generally, it is not always possible to study experimen-
tally the mechanical behavior of polymer in the purely
crystalline state, because the preparation of purely crys-
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talline sample is often difficult. In this aspect, computer
simulation using atomistic modeling technique has
proven very useful to investigate the mechanical behavior
of polymer in perfect crystalline state, because the
method generates a well-defined and perfect crystal struc-
ture without any structural defect and make it possible to
simulate the behavior under an ideal condition[17-24].
The mechanical behavior of PTT in amorphous state has
already been investigated in our previous study[25] using
the atomistic modeling technique[26,27]. In this study,
the deformation of crystalline PTT is simulated using
molecular mechanics in order to elucidate whether or not
the phase transformation of crystalline structure is possi-
ble under extension.

Models and Simulation

Full atomistic models of PTT in crystalline state with
1600 atoms were prepared by using a unit cell of PTT
shown in Figure 2. Chain conformation in unit cell and
unit cell parameters were set on the basis of x-ray diffrac-
tion data[4,5]. First, a single chain of PTT was generated
for trimethylene unit to have gg conformation, and then it
was packed into a triclinic-type unit cell with the space
group of crystalline structure of PTT, P1[4,5,28]. This ini-
tial structure of PTT in crystalline state was adjusted to
the model proposed by x-ray diffraction study through
optimization by molecular mechanics technique using the
conjugate gradient algorithm until the root mean square

Figure 2. Simulated unit cell of PTT.
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force between atoms was smaller than 0.001 kcal/(mol
A). The universal force field (UFF)[29] was used to cal-
culate potential energies of atoms, and the charge equili-
bration method[30] was used to assign partial charges to
every atom. The long-range interaction such as the van
der Waals interaction and the Coulombic interaction was
calculated by the Ewald method[31], in which real space
cutoff distance, reciprocal space cutoff distance, and con-
vergence constant were 6.0 A, 0.5 A" and 2.5 A, respec-
tively. The total potential energy (E,.;) of system is
calculated by use of eq (1):
Etotal = Eb + EB + Ed) + EvdW + ECoulomb + Einversion (1)
where F, is the bond stretching energy, £y is the valence
angle bending energy, E, is the dihedral angle rotating
energy, E, 4 18 the van der Waals interaction energy, Ec,uioms
is the Coulombic interaction energy, and E;,crion 15 the
inversion energy. Details of the energy function are found
in the literature by Rappé et al.[29].

In order to confirm whether the simulated unit cell cor-
responds to the real unit cell of PTT, x-ray diffraction pat-

(a) On to ac plane

(c) On to ab plane

Figure 3. Projection of crystalline structure of PTT on ac-, bc-,
and ab-plane.
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tern was calculated by

F(hkl)= ilfj(sin 0/ Mexp(2mi(h, k. 1) - (x,,9,.2)] (2)
j=

where #n is the number of atoms in the unit cell, A, &, and /
are the indices defining the crystallographic planes, and f;
is the atomic scattering factor expressed as a function of
the Bragg angle (6) and the wavelength of radiation (4)
for atom j located at the fractional coordinate position (x;,
¥» z). In this calculation, the polarization factor was
assumed to be 0.5 and the effect of Lorentz scattering and
thermal motion on the diffraction was not taken into
account. The x-ray source was CuK o whose wavelength
is 1.542 A.

By accumulating 32 unit cells, the model of PTT in
crystalline state was generated and then was optimized by
molecular mechanics. A typical model of PTT in crystal-
line state is shown in Figure 3. The periodic boundary
conditions were imposed to the three directions to simu-
late the perfect crystalline structure with infinite size.

In order to simulate the deformation of crystalline
structure of PTT, the cell was extended in the chain direc-
tion (c-axis) by 0.2% of the initial cell dimension and then
was relaxed by molecular mechanics until the root mean
square force between the atoms was smaller than 0.001
kcal/(mol A). This procedure was repeated until the strain
reached 50%. In order to improve the statistics, nine
structures were simulated independently and their proper-
ties were averaged. In this study, the commercial model-
ing software, Cerius? of Molecular Simulation Inc., was
used.

Results and Discussion

Validation of Simulation

It is important to verify whether the simulated unit cell
structure of PTT in crystalline state is properly con-
structed or not. For this purpose, the unit cell parameters
obtained in this simulation are compared with those

Table 1. Observed and simulated unit cell parameters of
crystalline structure of PTT

Cell Observed .
Simulated
parameters I? I I
a(A) 4.64 4.60 4.58 4.56£0.08
b (A) 6.23 6.20 6.22 6.22+0.07
c(A) 18.65 18.30 18.12 18.48 £0.64
o (deg) 98.5 98.0 96.9 98.21+2.49
B (deg) 93.0 90.0 89.4 90.54 £0.99
y (deg) 111.1 112.0 111.0 111.37+1.17

2Data taken from ref. 4.
®Data taken from ref. 5.
“Data taken from ref. 29.
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observed in x-ray diffraction -experiments{4,5,28], as
shown in Table 1. Although the experimental data show
some scattering according to the authors, it is obvious that
the agreement between simulation and experiment is sat-
isfactory. The simulated density of PTT in crystalline
state was 1.4100.002 (g/cm?). This value is compara-
ble to those calculated from x-ray diffraction (1.387~1.430
(g/cm*))[4,5,28]. When the simulated values of dihedral
angle defined in Figure 1 were compared with those
observed from experiments, it is revealed that the simu-
lated chain conformation in crystalline structure agrees
well with those observed in experiments, as shown in
Table 2. The x-ray diffraction pattern calculated from the
simulated unit cell structure of PTT successfully repro-
duced the one obtained experimentally[4,5], as shown in
Figure 4. The values of d-spacing and scattered intensity
were obtained from this calculation and compared with
the experimental values in Table 3. The measure of agree-
ment between the observed intensity and the simulated
intensity is expressed by the reliability index, R, defined
as :

R - Z|Fol = 174l
S |F|

where F, and F, denote the observed structure factor in

)

Table 2. Comparison between the observed and the simulated
dihedral angles of PTT chain in crystalline state

Dihedral angles(deg) Observed® Simulated
& 67.8 67.9+5.0
& 160.1 175.2+1.0
& 173.2 170.2£34
¢y 168.3 173.9%5.2

aData taken from ref. 5.

Figure 4. X-ray diffraction pattern simulated for highly oriented
PTT fibers. The tilted angle from perfect orientation is about 5°.
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Table 3. Comparison between the observed and the simulated d-
spacings and scattered intensities of crystal structure of PTT
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Table 4. Elastic constants calculated from the averaged
compliance matrix for PTT in crystalline state

d-spacing(A) Intensity (arbitrary unit)

Elastic constants Simulated value

hok Observed® Simulated Observed® Simulated Young's modulus (GPa)
0 1 0 5.682 5.705 11.16 10.65 E,. 5.876+£0.002
1 0 0O 4.628 4.258 2.90 2.05 E,, 9.249+0.001
-1 0 0 4268 4.259 2.90 2.05 E, 12.246 +0.004
-1 1 0 4.268 4.259 2.90 2.23 Linear compressibility (GPa!) .
2 0 0 2.112 2.129 2.79 2.05 Bu 0.03331
2 2 0 2.112 2.129 2.79 2.60 By 0.01157
0 3 0 1.899 1.902 6.06 4.80 B 0.01535
0 4 0 1.420 1.408 2.64 1.83 Volume compressibility (GPa™')
3 3 0 1.420 1.412 2.64 1.95 A 0.06023

#Data taken from ref. 4.

experiments and the simulated structure factor in this
study, respectively. The value of R calculated from Table
315 0.179. Usually, the crystalline structure of polymers is
accepted when the value of R is equal to or less than
0.20[32,33]. Therefore, it is concluded that the crystalline
structure of PTT obtained in this simulation is in good
agreement with the real crystalline structure.

Elastic Properties and Finite Deformation of Crys-
talline structure of PTT

The elastic properties of PTT in crystalline state were
calculated from the stiffness matrix. The components of
the stiffness matrix are defined as

_ do; _ 04— O 4
iy Beae) T g 2 “)

where U is the total potential energy, ¥ is the cell volume,
g and & are the ith and jth component of the strain tensor,
respectively, o; is the ith component of the stress tensor,
and o, and o; are the components associated with the
stress tensor under extension and compression, respec-
tively. In this study, the components of the stiffness
matrix were calculated at an applied strain of 5.0 X 10
(0.05% of the initial dimension). For the convenience of
calculating elastic constants, the stiffness matrix (C;;) was
converted into the compliance matrix (S;). The compli-
ance matrix averaged for nine independent structures is

0.1702 —0.0836 —0.0533 0.0220 0.0134 0.0955
—0.0836 0.1081 0.0130 0.0094 0.0079 -0.1208
g =|—0.0533 0.0130 0.0817 0.0128 0.0082 0.0406
Y1 0.0220 0.0094 0.0128 0.2466 0.0980 0.0159
0.0134 0.0079 0.0082 0.0980 0.1000 0.0114
0.0955 -0.1208 0.0406 0.0159 0.0114 0.2770]  (5)

(GPa™)

Because the PTT crystal is a triclinic system having
only a center of symmetry, the compliance matrix con-

sists of 21 independent constants, whereas the matrix of
isotropic system has only 2 independent constants[34,35].
Young’s modulus and linear and volume compressibility
were calculated from elements of the compliance matrix
by the following relations:

E,, = Si}(GPa) (6a)
E,, = $33(GPa) (6b)
E,, = S33(GPa) (6¢)
Bix = S+ 812+ 553 (7a)
B, = Sp+Sp+ 323 (7b)
B.. = Si3+ Sy + Sy (7¢)
A= 81+ 80+ 83+ 2(5, + 83 +53) ®)

where E; and 3; (i = x, y, and z) represents Young’s mod-
ulus and linear compressibility in the direction of each
axis, respectively, and A denotes volume compressibility.
The results are listed in Table 4. It is interesting that the
value of E,,, i.e., the modulus in the chain direction, is
very small compared to that of perfect crystal for other
polymers which is determined in theory or in experiments
using x-ray diffraction and Raman spectroscopy[36],
indicating that the PTT crystal is very pliable to the
external stress. These simulation results for the elastic
properties of PTT crystal may explain the experimental
observation that the crystal lattice of PTT is easily
deformed at small stress[6].

Next, a finite deformation was stepwise imposed to the
crystalline structure of PTT up to 50% of strain. When the
model was extended under uniaxial extension condition, a
stress-strain curve was obtained as shown in Figure 5.
The three regions showing a feature of elastic response
are observed. The components of elastic moduli in the
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Figure 5. Stress-strain curve of crystalline structure of PTT.
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first region (0-25% strain) is listed in Table 1. The zz
components of elastic moduli in the second (28-34%) and
in the third (34-50%) region are 57.723 £0.006 (GPa)
and 217.415%0.007 (GPa), respectively. In transient
regions between the elastic regions, the stress does not
increase and rather decreases, indicating that the plastic
deformation occurs in these transient regions. The feature
of the stress-strain curve in Figure 5 is quite different
from that of polymer in amorphous state[25]. In other
words, the stress-strain curve of PTT in crystalline state
consists of elastic deformation regions except for the nar-
row transient regions between the elastic regions, whereas
the stress-strain curve of PTT in amorphous state shows
the plastic deformation following the elastic deformation.

During the extension of crystalline structure of PTT, the
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change in dihedral angles was monitored as shown in Fig-
ure 6. The value of dihedral angles such as ¢,, ¢3, and ¢,
remains unchanged in trans state. On the other hand, the
value of ¢, slowly increases up to 30% of strain and then
rapidly increases. At a glance, the result of Figure 6 indi-
cates that the phase transformation of crystalline structure
of PTT can occur after about 30% of strain. The change in
dihedral angle of PTT is very different from the change in
dihedral angle during the phase transformation of PBT
[10]. Furthermore, the stress of PTT strikingly increases
as the value of ¢, changes from gauche state to trans state
after 30% of strain, as shown in Figure 5, whereas the
stress of PBT remains unchanged when the phase trans-
formation from o~ to B-phase takes place. This result
indicates that the phase transformation of crystalline
structure of PTT is very difficult to occur because it
accompany with a large increase of stress. In Figure 7, the
change in energetic state of PTT in crystalline state is
plotted against strain. The total energy remarkably
increases after about 35% of strain, which is dominated
by two components, i.e., the bond stretching and the
valence angle bending. Such a high energy state after
35% of strain may not allow PTT to be in the crystalline
state, but may rather cause dislocation of crystalline
structure[37,38]. Therefore, it is concluded that the gg
conformation in aliphatic part of PTT in crystalline state
may not be converted into the # conformation before
dislocation under uniaxial extension condition.

Figure 8 shows the change in angles of unit cell param-
eter with strain. It is observed that the value of the angles
B and vy discontinuously changes at about 28% and 34%
of strain where the plastic response appears as shown in
Figure 5. Although the phase transformation as occurring
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in PBT may not be observed in PTT, the result of Figure 8
indicates that the crystalline structure of PTT is adjusted
to the increasing strain through changing the angles of its
unit cell. It is concluded that PTT in crystalline state
undergoes the plastic deformation under uniaxial exten-
sion condition through changing the angles of unit cell
parameters instead of the phase transformation from gg to
tt conformation.

Conclusions

The crystalline structure of PTT was successfully pre-
pared by molecular modeling, and its structure was veri-
fied by comparing with the structure obtained from the x-
ray diffraction experiments. The elastic properties pre-
dicted from this simulated structure shows that PTT in
crystalline structure is very readily deformed at small
strain, as observed in experiment. The dihedral angle of
aliphatic part of PTT was changed from gg to # confor-
mation after about 30% of strain. Nevertheless, the phase
transformation of PTT in crystalline state seems to be
very difficult to occur because the energetic state of the
simulated structure after 30% of strain is unrealistically
high. Such high energy may induce dislocation of crystal-
line structure rather than phase transformation. It is
observed that the plastic deformation of crystalline struc-
ture of PTT observed at about 28% and 34% of strain can
occur through changing the angles of unit cell.
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