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Chain flexibility and mechanical properties of four polyimides with different chemical structures are simulated by
molecular dynamics and molecular mechanics techniques to establish some structure—property relationships. The
oxygen linkage in the diamine moiety of a polyimide gives the highest flexibility whereas the sulfonyl linkage
imparts the lowest flexibility to the polymer chain. A more flexible polyimide has smaller characteristic ratio,
lower solubility parameter, lower elastic modulus, and larger yield strain. These simulated values show good
agreement with experimental dat&.1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION MODEL AND SIMULATIONS

In the past decade, atomistic modelling techniques haveThe chemical structures of the repeat units of the four
been applied to polymeric materials in an attempt to predict polyimide models used in this study are showrrigure 1
their macroscopic properties (e.g. modulus, yield behaviour, The four polyimides can be synthesized from '3 -
thermal expansion coefficient) as well as microscopic benzophenone tetracarboxylic dianhydride (BTDA) and
properties (e.g. configuration, conformation, chain orienta- corresponding diamine, i.@,p’-carbonyldianiline (CDA),
tion), although these techniques have some inherentp,p’-oxydianiline (ODA),p,p’-sulfonyl dianiline (SDA) and
limitations of time and/or space scale. Earlier, Theodorou p,p'-methylene dianiline (MDA). For convenience, the
and Sutet developed an atomistic modelling technique to model polyimides are denoted PI-1 for BTDA-CDA, PI-2
generate a model of a well-relaxed amorphous poly- for BTDA-ODA, PI-3 for BTDA-SDA and PI-4 for BTDA-
propylene sample and to predict its elastic constants usingMDA. Four virtual bonds (1, 4, 5 and 8 Figure 1) and four
the stiffness matrix. Later, several other researcherscovalent bonds (2, 3, 6 and 7 Kigure 1) are used to trace
calculated the mechanical properties of various polymersthe chain through the large repeat unit. Each polyimide

such as ponetherneponsquone polystyrene polycar- simulated consists of 15 repeating units so that the total
bonate” and polybenzoxazoleusing atomistic modelling  numbers of atoms are 782, 767, 797 and 797, respectively.
techniques. The system size of 15 repeat units is not enough to represent

Generally, polyimides have good thermal stability, conformat|ons of a real polymer chain. However, previous
excellent mechanical properties, high softening temper- workers”" have reported reasonable results when they
atures and good electrical properties. However, their used 10 to 15 repeat units for simulation. Periodic
propertles strongly depend on their chemical structure, boundary conditions were imposed and an initial density
i.e. a slight modification of the chemical structure may of 1.20 g/cni was used to simulate the bulk amorphous
often result in a significant change in mechanical state. Six model structures were generated for each
properties. Thus development of structure—property polyimide using the method of Fan and HsDihedral
relationships for polyimides may provide a guideline angles along the chain backbone of each polyimide were
for designing polyimides having desirable end-use randomly assigned using a Monte Carlo method, and then
properties. this initial structure was optimized by a molecular

In this study, the mechanical properties of four poly- mechanics technique. Because this optimized structure
imides with different chemical structures are calculated might, however, be still in a local energy minimum state,
using atomistic modelling techniques, and the results arethis was relaxed through NVT molecular dynamics for
compared with experimental data. An attempt is made to 200 ps at 1000 K, followed by several cycles of molecular
establish structure—property relationships for polyimides by mechanics and NPT molecular dynamics for 200 ps at room
relating the chemical structures of individual polyimides to temperature under the pressure of P@. Finally a full
their conformational and mechanical properties. optimization for cell parameters and atomic coordinates was

performed by molecular mechanics, and the equilibrium
density of each structure was obtained.
The commercial softwareCerius® from Molecular
*To whom correspondence should be addressed Simulation Inc. was used and the Dreiding force field
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PI-2

Figure 1 The repeat units and the definition of virtual bonds of polyimides: (a) PI-1 (BTDA-CDA), (b) PI-2 (BTDA-ODA), (c) PI-3 (BTDA-SDA), and (d)
Pl-4 (BTDA-MDA)

was adopted, in this study, to calculate potential energies (a) (b)
between atoms. The potential energy is given as the sum of o
the following terms: || 0136
E=E +Ej+E4 + Einv + Evaw + Ecoul (1) SN C /123\C
C 127 C ar ar
whereE,, E, andE, are the bond stretching, valence angle o o
bending, and torsion terms, respectivell;, is the
improper out-of-plane interaction, ari,qy and Ec,y are (© (d
the non-bonded van der Waals and Coulomb interactions.
The Ewald summation method was used to calculate the 0 0 H H
nonbond interaction energy. ~ S /170 ™~ C /150
/106\ C /111\C
ar ar ar ar

RESULTS AND DISCUSSION .
. . . . Figure 2 Mean bond lengths (Aand angles (degrees) of linkage groups
Validation of simulations in polyimides obtained from X-ray experimeéts

The use of the Dreiding force field for our systems was
validated by the following method. The monomeric unit of

each polyimide was packed into a crystalline cubic cell, and results. The averaged cell parameters of each polyimide are
then its atomic coordinates and cell parameters were jisted in Table 2 The deviations from a cube in cell lengths

optimized. Figure 2 shows the mean bond lengths and and angles are so small that the model structures are
angles of linkage grou?ls in the polyimides obtained from considered to represent an isotropic state. Simulated

X-ray experimental data The simulated crystal data are densities are listed inTable 3 and compared with
listed in Table 1and compared with the experimental data.

A good agreement between simulated and experimental data

validates the use of the force field for our systems. Recently, . .

. - Table 1 Mean bond lengths and angles in linkage groups of polyimides
it was also reported that the structure and energetics of agq .\ simulation and experimeit

thermoplastic polyimide were successfully simulated by use

of the Dreiding force ﬁeﬁ Polymers  Bond Iengtho()A Bond angle (degrees)

Six model structures for each polyimide were generated Simulation Experiment  Simulation Experiment
through sever.al cycles of energy minimizatio.n and mol- p.1 1.50+ 0.04 1.49 128.6- 0.9 127
ecular dynamics, followed by a full optimization of cell PI-2 136+ 0.06 1.36 122.5- 0.7 123
parameters and atomic coordinates. The properties of eacH’!-3 172+0.11 170 108.1+ 1.2 106

polyimide were then ensemble averaged for more reliable P 1.50=0.08 150 1098-07 111
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Table 2 Averaged cell parameters of the model polyimides

Polymers Cell parameters
a (A) b (A) c (A) o (degrees) B (degrees) v (degrees)
PI-1 22.14* 0.86 21.72+ 0.91 20.63+ 0.59 90.93+ 1.90 88.36+ 3.08 89.84+ 2.77
PI-2 21.32+ 0.69 20.95+ 0.46 21.67+ 0.82 88.49+ 3.71 90.54+ 1.67 89.25+ 2.44
PI-3 21.59+ 0.73 21.87+ 0.50 21.95+ 0.64 89.56+ 2.38 89.05+ 1.85 91.03+ 2.11
Pl-4 20.79+ 0.38 21.47+ 0.72 21.31* 0.75 89.45+ 3.41 90.87+ 2.90 90.28+ 3.69
experimental data. The simulated densitiescar&% lower information on the local structure, chain flexibility, and

than the experimental ones. Such lower values of densitiesaverage dimensions of polymers. Since this behaviour is
from sirrA17uBIation have been reported for several other influenced by even a slight modification of polymer
polymers . This may be partly due to the use of a short structure, we may expect that the four model structures
chain (15 repeat units in this simulation) for simulation, for polyimides show significantly different properties.
because it is known that the simulated density is sensitive to Conformational grid searches allow us to vary simul-
the system size. Nevertheless, agreement between simulatethneously the torsional angles of successive bonds and to
density and the experimental one within 5% error may plotthe total energy against each pair of rotational angles. In
validate the van der Waals term in the force field used in this the grid scan method, the potential energy is calculated
study.Table 4lists the average values of all components of whenever a specific torsional angle is varied over a grid of
the internal stress tensors. All these values are close to zeroan equally spaced value. When the rotations of two
indicating that the polymer structures generated are fully successive bonds are considered, the torsional angle of the
relaxed and in the equilibrium state. first bond is fixed at a given value and then the potential

Radial distribution functions were calculated to verify energies are calculated while the torsional angle of the
that the simulated structures have an amorphous naturesecond bond is varied. Subsequently, the torsional angle of
This function is defined as a probability of finding a pair of the first bond is set to another value and the potential
all kinds of atoms in the system at a distam@part relative energies are then calculated while the second bond angle is
to the probability expected for a completely random varied, and so on. For the conformational grid search, only
distribution at the same density. The averaged radial one repeat unit of polyimides is considered, since we are
distribution functions of the four model polyimides are only concerned with energies associated with torsional
shown inFigure 3 All the correlation functions show two  rotations of particular bonds. In this study, the torsional
sharp peaks at about 1.1 and 1.5Te former and latter  angles about the bonds 2 and 3HRigure 1 are primarily
peaks are associated with C-H bonds and C-C (e C) concerned, because the only difference between the four
bonds, respectively. Peaks at distances of-21A are polyimides is rotations about these two bonds. During a
generally due to nonbonded atoms separated by two (1-3),conformational search, the chain conformations besides the
three (1-4) and four (1-5) bonds on the connected chain.concerned bonds are fixed. Potential energy contour maps of
Another feature of note is the absence of sharp peaks atthe four polyimides are shown iRigure 4 where energy
distances greater than 4 Ahis fact clearly demonstrates contour lines are drawn every 1 kcal/mol and local energy
the amorphous nature of the simulated polyimides, i.e. minima are marked by+ signs. As shown ifrigure 4a, two

complete absence of long-range order. synchronous motions by two rotations are observed in PI-1.
) . For example, the rotational angle, changes from 0to
Conformational properties —70 or from @ to 120, while the anglep; changes from

Analysis of conformational behaviour provides useful —150 to —40°. The energy barriers of these two motions
are about 3.0 kcal/mol and 8.0 kcal/mol. Thus the first type
of motion is energetically preferred, and thereby dominantly

Table 3 Averaged densities of the model polyimides occurs in short time dynamics or under small deformations.

Simulated density  Experimental density As a result, if one angle of local energy minimum is given,

(g/em) (g/cm) the other angle is automatically determined because only
PI-1 1.25+ 0.03 1.3% one path is probable. The potential energy contour map of
PI-2 1-25f 0.02 1.30 Pl-2 is shown inFigure 4o, where the energy barrier
o 1800 138 between two minima is about 2.0 kcal/mol or 8.0 kcal/mol.

- Moreover, various types of cooperative motions may be
#Taken from . .
bTaken from” allowed. The relatively low energy barriers and more
“Taken from™ allowed motions may impart chain flexibility to this

Table 4 Averaged internal stress components (MPa) of the model polyimides

Polymers Stress components

XX yy zz Xy yz zX
PI-1 —0.16 = 0.25 0.33* 0.39 0.23+ 0.71 0.17+ 0.32 —0.25* 0.56 —0.05=* 0.47
PI-2 0.38+ 0.54 0.21* 0.37 0.47+ 0.49 —0.14* 0.63 —0.22* 0.85 —0.27*= 0.38
PI-3 0.43*= 0.41 —0.37* 0.59 0.25* 0.69 —0.56 = 0.60 0.28+ 0.42 —0.13*+ 0.39
PI-4 0.29+ 0.48 —0.25+ 0.66 0.62+ 0.43 —0.41+ 0.65 —0.04= 0.51 —0.18* 0.40

POLYMER Volume 39 Number 26 1998 7081



Structure-property relationships of polyimides: Jin Woo Kang et al.

10 10
g
S a
E Ll @ oL (b)
=
[= 9
g o 6
=]
2
a8
= 2F 2 -
3 MM\AHW
P 0 { | | 0 | | L
0 2 4 6 8 10 0 2 4 6 8 10
o 10 10
S
5
2 st © 8- .
P~
g 6r 6
=]
2
8 4T 4+
Z
= 2r 2+
el
&
0 L ‘ L 0 I \ I
0 2 4 6 8 10 0 2 4 6 8 10

Figure 3 Averaged radial distribution functions for model polyimides: (a) PI-1, (b) PI-2, (c) PI-3, (d) PI-4
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Figure 4 Potential energy contour maps as a functionpefand¢z: (a) PI-1, (b) PI-2, (c) PI-3, and (d) PI-4. Energy difference between contour lines is

1 kcal/mol

polymer. In contrast to PI-2, the energy barrier between two PI-2. In summary, it may be concluded from conformational

minima for PI-3 is about 14.0 kcal/mol as showrFigure 4c

analysis that PI-2 is the most flexible due to a lower energy

and the number of allowed motions is rather limited. Thusitis barrier and more freedom of conformational motions
expected that PI-3 is less flexible compared with PI-1 and whereas PI-3 is the most rigid.
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The characteristic ratio of a polymer chain is often used number of bonds for each polymer simulated becomes 720.
as a quantitative measure of chain flexibility. This ratio is Therefore, the result from the transformation matrix method
defined as the ratio of the square of the end-to-end distanceshould undoubtedly be more reliable than the direct
of a given polymer to that of the equivalent freely jointed measurement method. The average bond lengths, the
chain with the same bond lengths. Thus the characteristicaverage sines and cosines of the bond angles, and the
ratio is equal to average sines and cosines of torsional angles are listed in
n Tables 5-7 respectively. The mean squared end-to-end
C,=(r? Z 12 2) distance of each polymer can be calculated using these

i=1 data through the following relation
where(r? is the mean-squared end-to-end distamds,the (r® = (G XGXG3) (G, 3)
number of bonds, anldis the bond length of each bond. The
characteristic ratio may be calculated by directly measuring where theG;s are the so-called generator matrices, with
the squared cham end-to-end distances and dividing the
average byY'I?. However, when the number of model
chains is small , e.g. six as in our case, this method may
lead to a sizable statistical error. Another way to calculate 1 27T, 12
the chain end-to-end distance is the use of the transforma-
tion matrix"", whose components are composed of statisti- Gi=
cal averages of the bond lengths, bond angles, and dihedral
angles. In this method, the statistical error can be reduced
because the sample size is related to the total number of 2
bonds used for simulation. In this study, therefore, the !
latter method was used. As showrHigure 1, one repeating Go=|1, | (6)
unit has 8 bonds (4 covalent bonds and 4 virtual bonds), and
thus the number of bonds of one model chain is 120 because 1
each polymer has 15 repeating units. Since six models of
each polymer are used for an ensemble average, the totaln the above equations, the matricesare transformation

Gi= (12T, 1%) @)

o

T I [1<i<n (5)

o
o
=

Table 5 Averaged Iengthsc()\of covalent and virtual bonds in the model polyimides

Polymers Bond
14 2,3 5,8 6,7
PI-1 4.25* 0.05 1.42+ 0.02 4.65+ 0.07 1.42+ 0.01
PI-2 4.21+ 0.03 1.36% 0.01 4.63+ 0.02 1.42+ 0.01
PI-3 4.21+ 0.04 1.74+ 0.01 4.63+ 0.02 1.42+ 0.01
PI-4 4.23+ 0.02 1.49+ 0.01 4.63+ 0.03 1.41+ 0.01
Table 6 Averaged sines and cosines of the angles between virtual bards + 1
Polymers Bond
1,3 2 4.8 57 6
(sin ;) PI-1 0.242+ 0.181 0.751+ 0.066 0.295+ 0.099 0.399+ 0.037 0.809+ 0.027
PI-2 0.147+ 0.088 0.775+ 0.067 0.213+ 0.085 0.378+ 0.034 0.831+ 0.017
PI-3 0.132+ 0.090 0.896+ 0.036 0.258+ 0.117 0.370+ 0.038 0.810+ 0.023
Pl-4 0.072+ 0.056 0.903+ 0.029 0.248+ 0.083 0.378+ 0.038 0.825+ 0.020
(cos#;) PI-1 —0.951+ 0.081 —0.619+ 0.075 —0.950* 0.032 —0.916* 0.016 —0.586* 0.037
PI-2 —0.985+ 0.018 —0.505=* 0.082 —0.973+ 0.023 —0.925* 0.014 —0.556+ 0.027
PI-3 —0.987+ 0.018 —0.476* 0.084 —0.959+ 0.038 —0.928+ 0.015 —0.585+ 0.033
P-4 —0.996+ 0.006 —0.527+ 0.056 —0.965+ 0.024 —0.925+ 0.016 —0.565+ 0.029
Table 7 Averaged cosines of the torsional angles at virtual baridghe model polyimides
Polymers Bond
1.4 2,3 5.8 6,7
PI-1 0.682+ 0.073 —0.120*+ 0.118 0.617+ 0.141 —0.061* 0.144
PI-2 0.564=+ 0.155 —0.039+ 0.116 0.799+ 0.115 —0.056+ 0.161
PI-3 0.448* 0.164 —0.164* 0.126 0.712+ 0.127 —0.068+ 0.167
Pl-4 0.258+ 0.207 0.014+ 0.181 0.721+ 0.112 0.047+ 0.174
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matrices of the form chain and the parent chain in the bulk, i.e.
—(cos#b;) (sin6;) 0 Econ= Eisolated— Ebuik- (8)
(Ty=| —{singXcose;) —{cosh;Xcose;) 0 The Hildebrand solubility parametes, is defined as the
square root of the cohesive energy dendiy,/V, where
0 0 (cosé) V is the volume of an amorphous celfable 8lists the
) simulated solubility parameters of the four polyimides.

These values, 9.56-11.42, are comparable with the value,
~11.3 (kcal/mol}?, of other polyimides calculated from
imulation. Here, PI-2 has the lowest value of solubility
arameter and PI-3 has the highest value, which is the same
rend as observed in the characteristic ratio. This indicates
hat a more flexible chain has a lower solubility parameter.

his is easily understood by considering that a more flexible
chain results in loose packing in the bulk, thereby yielding a
lower cohesive density. This cohesive energy density or
solubility parameter can then be related to the mechanical
properties such as modulus and yield behaviour, as will be
discussed later.

Elastic constants can be calculated from changes in the
total energy of the systems subjected to deformation. After
an initial energy minimization, a very small strain (0.05%)
is applied to the system and then a second energy
minimization is performed. By definition, the first derivative
of the potential energy with respect to strain is the internal
stress tensor and the second derivative represents the
stiffness matrix. Thus, the stiffness matr®;, is given by

where#; is the angle between bondandi + 1 andg¢; is the
torsional angle of bond The use of equation (3) implicitly
assumes that all bonds are independent, although bonds
and 3 as well as bonds 6 and 7 may be interdependent a
seen from the potential energy contour maps. However, it
has been reported that the interdependency between virtua
bonds doe§3not significantly affect the value of the charac-
teristic ratio . Figure 5shows the characteristic ratios of the
four polyimides as a function of the number of repeating
units. PI-3 has the largest characteristic ratio and PI-2 has
the lowest. It is clearly seen that PI-2 is the most flexible and
PI1-3 is the most rigid, because a more flexible polymer has a
lower characteristic ratio. This result is consistent with the
result of conformational analysis. The limiting characteris-
tic ratios, 7-9, forltahese polyimides are comparable to that
of other polyimides, namely 6.43.

Mechanical properties

The cohesive energy density of a polymer in the bulk is
sometimes used as a rough indicator of a mechanical
property of the polymer. Generally larger cohesive density G = (62U/aeiaej)/V=80i/6q =(0i; —0i_)(2¢) (9)
results in larger elastic modulus. In an atomistic modelling, .
the cohesive energyEqn is defined as the increase in whgre o; and¢; are theith components of the stress and
energy per mole of a polymer if all intermolecular forces are Str&in tensors, ands, and o; are stress components

removed. Thus the cohesive energy can be calculated by thé!Nder tension and compression, respectively. The stiffness
difference in the potential energies between the isolated Matrices calculated by averaging six model structures for
each polyimide are shown in equations (10a), (10b), (10c)

and (10d). A more detailed procedure for calculating the
stiffness matrix is described elsewhere

9 6.69 255 279 -021 -032 009

3.18 626 298 043 -038 -0.18

2.89 339 657 054 012 -035

S 0.67 051 042 147 015 043
<
~
2 —-011 -028 -048 081 211 034
12}
=
% 019 -004 -073 —-023 —-062 177
e for PI— 1 (10a)
3 1 | | | |
0 10 20 30 40 50 60
N
Figure 5 Characteristic ratios of four polyimides calculated as a function
of N, the number of repeating units
Table 8 Solubility parameters of the model polyimides from simulation
Polymers PI-1 P1-2 PI-3 Pl-4
Solubility parameter ((cal/ci)'?) 10.91+ 0.18 9.56+ 0.39 11.42+ 0.24 10.75+ 0.28
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For isotropic amorphous material,
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026
—-0.32
008
059
136
—0.50

033
—0.14
022
—-0.23
256
025

—0.53
—0.19
047
—0.46
169
051

0
0
0

o O o o
o O o o

©
Op O
0 0 u

—0.30
058
021

—-042

- 061

148
(10b)

—0.17
—0.08
036
041
030

163
(10c)

030
—0.22
—0.43

008

—0.50

214
(10d)

the stiffness matrix

11)

calculated from simulation show a slight deviation from the
idealistic case, since the actual calculationGyf and C;
follows two different deformation paths. Nevertheless, the
calculated stiffness matrices still show the basic features of
an isotropic polymer. The Lame constants for the model
structures can be calculated from the following relation:

1 2
A= §<C11 +Coo+ C33) - é(c““ + Css+ CGS) (12)

1
n= §(C44+ Css+ Cg)-

The Young’s modulug&, shear modulu&, bulk modulusB,

and Poisson ratie are related with the Lame constants as

follows:

AN+ 2u
~F Nta G=upu
) \ (13)
B=\+ =

3 TT o

The calculated properties and experimental Young's moduli
are listed inTable 9 The S|mulatgd Young's moduli agree
well with the experlmental data” con5|der|ng the p055|ble
existence of microscopic or macroscopic defects in the
experimental sample and the difference in the magnitude
of applied strain between simulation and experiment. It is
more interesting to note that the order of values of Young's
moduli calculated from simulation is exactly the same as the
experimental one, i.e. the magnitudes of Young's moduli
are in the order of PI-3> PI-1 > PI-4 > PI-2. Itis
very clear that the mechanical properties are closely related
to the chain flexibility, when the results dfable 9 are
compared with those dfigure 5 In other words, a more
flexible polyimide has a lower Young’'s modulus. The
modulus is also related to the solubility parameter
(Table 7 as mentioned earlier in this section: the larger
the solubility parameter, the higher the modulus.

There are two methods to obtain a stress—strain curve
from atomistic modelling techniques. One is the use of a
molecular mechanics technique and the other is the use of a
molecular dynamics technique. In the first method, the strain
is applied by changing the cell parameters—for example, if
we want to apply a strairgs, then we will increase the value
of the cell parametet—and then the other cell parameters
as well as the coordinates are optimized by the molecular
mechanics technique. The stresg, is then obtained from
the corresponding component of the internal stress tensor.
In this method, the variation of properties with time
cannot be observed, because molecular motions are not
considered in molecular mechanics. Nevertheless, it is
known that molecular mechanics yields a value closer to
the experimental one than molecular dynamjcm the

whereX andp are Lame’s constants. The stiffness matrices second method, a stress—strain curve is obtained from a

Table 9 Mechanical properties for the model polyimides

Polymers Mechanical properties
Young's modulus, GPa Bulk modulus, GPa Compressibility, GPaShear modulus, GPa Poisson’s ratio
PI-1 4.67* 0.43 (3.72§ 4.14+ 0.89 0.24+ 0.09 1.78+ 0.59 0.31* 0.05
PI-2 4.01+ 0.68 (3.33§ 3.37+ 0.60 0.29+ 0.11 1.54+ 0.52 0.30= 0.04
PI-3 5.56=+ 0.65 (4.96§ 5.26+ 1.27 0.19+ 0.07 2.10+ 0.60 0.32+ 0.04
PI-4 4.41+ 0.51 (3.50% 3.76+ 0.61 0.27+ 0.06 1.69+ 0.65 0.30+ 0.05

#The values in parenthesis represent experimental data taken1 *from
®The values in parenthesis represent experimental data taken from
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Figure 6 Averaged stress—strain curves of four model polyimides: (a) PI-1, (b) PI-2, (c) PI-3, and (d) PI-4

constant-stress molecular dynamics simulation. But this
method has some limitations: the method usually gives a
very large value of modulus because the strain rate for
simulation is very fast compared with experimental ones.
Moreover, this method is a very time-consuming procedure,
and fluctuations of the strain with time are usually very
large. Therefore, the first method was adopted for our
simulation, because the variation of properties with time is
not pursued in this study.

Each stress—strain curve was generated with a strain of
0.2% up to 6% except PI-2 (in this case up to 25%). For each
model structure, three stress—strain curves are obtained
representing measurements in three independent directions,
X, yandz As a result, a total of 18 stress—strain curves were
generated for each polyimide, and then averaged. The
averaged stress—strain curves of the four polyimides are
shown in Figure 6 All the polyimides show yielding
behaviour. The yield stresses and strains calculated from
simulations are listed inTable 10 and compared with
experimental data. The yield stresses from simulation are
larger than the experimental values. This discrepancy may
come from several sources, the primary one, most probably,
being the small size of the simulation box. Moreover, the

Table 10 Yield strains and stresses of the model polyimides
Yield stress (MPa)

Polymers Yield strain (%)
Simulation  Experimer Simulation  Experiment
PI-1 3.6+ 0.5 3.0 216+ 21 120"
PI-2 11.0+09 122 214+ 35 130
PI-3 25+05 113 190+ 23 75
Pl-4 42+06 —° 198+27 ¢
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after deformation. The symbol®} and (J) represent before and after
deformation (2.0%), respectively
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energy minimization by the molecular mechanics technique BTDA-SDA and BTDA-MDA, to develop some structure—
assumes no thermal motion; therefore, it simulates the property relationships. The only difference in chemical
property of a material near 0 K, whereas the experimental structure between the four polyimides is the linkage atom of
values inTable 10were measured at room temperature. diphenyls in the diamine moiety. Chain flexibility was
Thus the comparison of results from the molecular evaluated by analysing conformational contour maps and by

mechanics simulation with experimental ones should be calculating characteristic

ratios. Elastic moduli were

made by extrapolating the experimental data to 0 K, which calculated from the stiffness matrix simulated by molecular
are not available at the present time. Nevertheless, the yieldmechanics, and the stress—strain curves were also obtained
strains from simulation agree well with experimental ones. by energy minimization. The polyimide PI-2 with an
The simulated stress—strain curve of PI-3 shows yield oxygen linkage was the most flexible whereas the polyimide
behaviour, although the experimental data do not show thePI-3 with a sulfonyl linkage was the most rigid. A more
yielding. As mentioned in the previous section, the PI-3 flexible polyimide has higher degree of conformational

chain is very rigid and thus its chain mobility will be very

state,

smaller characteristic ratio, lower solubility

low. Consequently, the chain may not easily move to the parameter, lower elastic modulus and larger yield strain.

new stable conformational state corresponding to the
applied strain. As a result, the material becomes broken
even at a small strain. However, in the molecular mechanics

simulation the chain can move to the new set of positions REFERENCES

corresponding to the applied strain because this technique ;

provides enough mobility to lower the potential energy.

Therefore, the molecular mechanics simulation will always 2.

show the yield behaviour regardless of the chain rigidity.
It has been reported that the nature of yielding is due to
the characteristics of the Lennard—Jones potential if the van

der Waals interactions are dominant in the deformation .

However, it is informative to examine the change in
torsional angle distributions during deformatidrigure 7

compares torsional angle distributions of PI-2 and PI-3
before and after deformation. The more flexible polyimide

PI-2 shows a significant difference in torsional angle o.
distributions before and after deformation (2.0%), while 10

the more rigid PI-3 does not show a discernible change in
torsional angle distributions. In other words, the more
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