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ABSTRACT: Molecular dynamics (MD) simulations are undertaken on a series of five copolyimides based
on two different dianhydrides: the flexible 4,4′-oxydiphthalic dianhydride (ODPA) and the rigid bulky
bicyclo(2.2.2)-oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (BCDA). The diamines are respectively 4,4′-
oxydi(phenylamine) (ODA), 2-trifluoride-4,4′-oxydi(phenylamine) (CF3ODA) and 2-methoxy-4,4′-oxydi-
(phenylamine) (MeOODA). These are potential candidates for gas separation membranes, and the effects
of increasing BCDA content in ODPA/BCDA copolyimides as well as adding trifluoromethyl or methoxy
substituents on the ODA are studied at the molecular level. Amorphous long-chain models are built using
a hybrid pivot Monte Carlo/MD sampling preparation procedure. The reproducibility of this approach is
tested on a series of eight independently prepared systems. Densities, cohesive energies, Hildebrand
parameters, conformational characteristics, intermolecular structures, and the available void spaces are
analyzed for each system under study. Both the BCDA moiety and the trifluoromethyl substituent on
the diamine are found to have similar consequences on the properties of the copolyimide by decreasing
chain cohesion and increasing the available void space. This is related to the steric effect of the BCDA
dianhydride, while the trifluoromethyl combines both steric and electronic repulsion. The steric effect of
the methoxy substituent on the diamine is not strong enough to significantly differ from the unsubstituted
system.

1. Introduction
Polyimides are high-performance macromolecules

which are usually obtained via polycondensation of
aromatic and/or alicylic dianhydride and diamine struc-
tures. They exhibit excellent mechanical and electrical
characteristics over a large range of temperatures, as
well as good chemical and long-term stabilities. They
are also well-known for their separation properties, both
with respect to gases and liquids. Their applications are
manyfold and range from electronics, electrical engi-
neering and aviation to filtration membranes.1,2

For many years now, much effort has been dedicated
toward studying the relationships between the choice
of the basic monomers and the resulting properties of
the synthesized homopolyimides or copolyimides.1-3

Experimental characterizations include density and
solubility determinations as well as thermal, mechanical
and permeation analyses. Polyimides have also been
studied using UV/vis spectrophotometry,4 wide-angle
X-ray diffraction,5,6 or even positron annihilation.7,8

Within this context, it is interesting to add molecular
dynamics (MD) simulations,9 which are able to provide
a dynamic model of the polyimide under study at the
molecular level. This information can be used either to
complement and interpret experimental evidence or to
predict the properties of new polyimide structures prior
to their synthesis.10

MD simulations have already been reported for
several amorphous polyimides. Structural features of
polyimides based on the BTDA (3,3′,4,4′-benzophenon-
etetracarboxylic) dianhydride and the DMDA (2,2-
dimethyl-1,3-(4-aminophenoxy)propane) diamine in the

bulk were compared to those of the same chains in
vacuo.11,12 The effect of the diamine on the overall
flexibility and the mechanical properties of BTDA-based
polyimides was assessed by studying four other di-
amines.13 In both cases, a large number of structural
properties such as radial distribution functions or ring
correlation functions, torsion angle distributions, char-
acteristic ratio, elastic moduli or yield strains could be
obtained from the models.11-13 A similar attempt was
carried out on perylene-containing polyimides in order
to characterize the degree of intra- and intermolecular
nematic order.14 Other applications of MD simulations
to these systems include the transport of small gas
molecules in polyimide matrixes15-20 as well as the
alignment of liquid crystal molecules on polyimide
layers.21-23 MD has also been used as a tool to comple-
ment scanning tunneling microscopy images of polyim-
ide Langmuir-Blodgett films24 and X-ray diffraction
studies,5,6 as well as modeling the poling process in
piezoelectric polyimides.25

In the present work, a series of five copolyimides for
potential membrane separation applications are con-
sidered. The polymers under study are based on two
different dianhydrides, i.e., the flexible 4,4′-oxydi-
phthalic dianhydride (ODPA) and the rigid bicyclo-
(2.2.2)-oct-7-ene-2,3,5,6-tetracarboxylicdianhydride(BCDA).
The diamines are respectively 4,4′-oxydi(phenylamine)
(ODA), 2-trifluoride-4,4′-oxydi(phenylamine) (CF3ODA),
and 2-methoxy-4,4′-oxydi(phenylamine) (MeOODA).

Our first goal is to assess the effect of increasing
BCDA content in ODPA/BCDA copolyimides. Indeed,
the bulky structure of the BCDA moiety makes it a very
strong candidate to favor the transport of small mol-
ecules in polyimide systems. However, too much BCDA
will lead to problems at the processing stage and its
amount within a copolyimide will thus have to be
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limited. The second goal is then to study whether a
substituent on the ODA diamine such as a trifluoro-
methyl or a methoxy group could have similar conse-
quences at the molecular level and increase for example
the available void space in these systems.

Five atomistic models are thus built and simulated
in order to get an insight into the way the chemical
structures and sequences of the monomers will affect
the microscopic and macroscopic properties of these
copolyimides and, in particular, lead to characteristics
able to improve the transport of small molecules for use
in separation membranes. Four of these copolyimides
have already been synthesized and characterized,26,27

and there is thus consistent experimental evidence
available to confront our MD simulations.

We give the computational details of the model in
section 2 while the results are given and discussed in
section 3.

2. Computational Details
As stated above, the copolyimides under study have

both been synthesized and characterized prior to the mo-
lecular dynamics simulations reported in this work,26,27

with the exception of the methoxy-substituted system.
Many features of the models have thus been chosen in
order to correspond to experimental data. Details on the
synthesis and characterization of the different systems
have already been explicitely given elsewhere.26 How-
ever, experimental evidence will be referred to whenever
appropriate in order to discuss and complement the
information at the molecular level.

All MD simulations were performed using the parallel
version of the gmq program,28 ddgmq,29 on the CRAY
T3E of the IDRIS supercomputing center (Orsay, France)
and the SGi ORIGIN 2000 of the CINES supercomput-
ing center (Montpellier, France), as well as a COMPAQ
DS20E at the University of Savoie (Le Bourget-du-Lac,
France).

2.1. Chemical Structures. The chemical structures
of the copolyimides are all shown in Figure 1. For

clarity, we will use the following names to distinguish
the five systems: (a) “ODA-0” ) the (ODPA-ODA)
homopolyimide; (b) “ODA-20” ) a regular (ODPA-ODA/
BCDA-ODA) copolyimide with 20% BCDA; (c) “ODA-
100” ) the (BCDA-ODA) homopolyimide; (d) “CF3ODA-
20” ) a regular (ODPA-CF3ODA/BCDA-CF3ODA)
copolyimide with 20% BCDA; (e) “MeOODA-20” ) a
regular (ODPA-MeOODA/BCDA-MeOODA) copoly-
imide with 20% BCDA.

The limited amount of the BCDA moiety in the ODPA/
BCDA copolyimides is related to experimental consid-
erations. Indeed, we have shown that, although BCDA
improves the solubility of these copolyimides, their
glass-transition temperature also increases with higher
BCDA contents and gets closer to their degradation
temperature, which can lead to problems in the film
processing stage.26,27 Another word of caution is in order
concerning the BCDA moiety. Although three isomeric
forms are in principle possible (boat-boat, boat-chair,
chair-chair), these are noninterconvertible once the
monomer is formed. To our knowledge, no experimental
evidence exists concerning the proportions of the dif-
ferent isomeric forms, and we have not been able to
distinguish either their relative amount or sequence
along the chains using NMR spectroscopy. A series of
molecular mechanics calculations on single ODA-
BCDA-ODA model oligomers were then carried out
using a variety of commonly used force fields,30 and they
all gave the boat-boat conformer as the lowest energy
form. As such, the boat-boat form of the BCDA moiety
was exclusively used in the models.

1H NMR characterization showed that the experi-
mental chains contain an average of forty (dianhydride-
diamine) units, and that the copolyimides with 20%
BCDA have regular (ODPA-diamine)4-(BCDA-di-
amine) sequences.26,27 They are terminated at both ends
by a 4-tert-butyl phthalic anhydride (PAtBu) and have
a number-averaged molar mass of 20 000 g mol-1.
Although less ordered structures were also detected, the
model chains were all built with forty (dianhydride-

Figure 1. The five chemical structures under study as determined from experimental 1H NMR characterizations.
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diamine) and terminated as stated above (Figure 1). The
number of atoms per chain of 40 (dianhydride-diamine)
units is 2075 for ODA-0, 2051 for ODA-20, 1955 for
ODA-100, 2174 for CF3ODA-20, and 2215 for MeOODA-
20. A chain was created for each system using equilib-
rium bond lengths, bend and dihedral angles.31

2.2. Potential. The force-field describes the potential
energy of a system as a superposition of simple analyti-
cal functions which are presented in this section.

High-frequency vibrational bond stretching modes
were removed according to the SHAKE routine,32 with
a relative tolerance of 10-6, to allow for the use of a
reasonable time step. All bond lengths were rigidly
constrained to standard values.31

The functional form of the potential used in this study
is

where (A) the first term describes the polymer angle-
bending deformations by a harmonic function in the
cosine of the bond angles, θ

(B) the second term represents the torsional motions
around the dihedral angles τ by a sixth-order polynomial
in cos τ

(C) the third term keeps sp2 structures planar by using
a harmonic function in the distance d from the i-sp2

atom to the plane defined by its three attached atoms

(D) the fourth term describes excluded-volume interac-
tions between atoms belonging to the same molecule
(but separated by more than two bonds) as well as atoms
belonging to different molecules through the Lennard-
Jones form of the van der Waals potential

and (E) the fifth term accounts for Coulombic interac-
tions under the same conditions as point D, with qi and
qj being charges on atoms i and j, respectively, and ε0
being the vacuum permittivity

The long-range effect of the electrostatic potential was
taken into account by the Ewald summation method,33,34

in order to perform the infinite sum of partial charges
distributed in a periodic system.

Parameters for eqs 2-5 were directly derived from
the TRIPOS 5.2 force-field,31 since this force-field has
been tested on a large number of cyclic compounds. The

εij and σij cross-terms for the van der Waals parameters
(eq 5) were obtained from the geometric mean of εii and
εjj and from the arithmetic mean of σii and σjj. The
charges used in eq 6 were obtained by performing ab
initio calculations on a series of 27 representative
fragments of the studied structures with Gaussian9835

at the B3LYP/6-31G** level. Partial charges, qi/e, were
then extracted by an electrostatic potential (ESP) fitting
procedure.36 Only those charges taken from the central
moieties of the model fragments were used in the
subsequent MD simulations. All partial charges relating
to our models are available as additional material.

2.3. Packing Models for the Chains. The prepara-
tion of dense samples for stiff long-chain polymers is
an ongoing problem.16,18,37 Indeed, the nanosecond time
scale routinely accessible to classical MD simulations
is far too short compared to configurational relaxation
times in high molecular weight polymers,38 and the
starting structures for simulations of amorphous poly-
mer chains must thus already be fairly relaxed. As it
has been shown that growing into an ever decreasing
volume and at low density with subsequent densification
could introduce a bias in the chain statistics,39,40 we
have developed a generation procedure which allows
samples to be grown directly at the density desired and
with conformations expected from the equilibrium melt
at the required temperature.41 This so-called “hybrid
PMC/MD technique” combines a single-chain sampling
procedure, based on pivot Monte Carlo moves for rotat-
able torsions, with standard molecular dynamics algo-
rithms, which are very good at exploring the various
oscillatory modes of the chains. It is also based on the
local energy approximation of Flory,42 i.e., that the
configurations of chains in the pure melt can be de-
scribed by considering isolated molecules with only a
certain number of specific near-neighbor intramolecular
interactions.

The strength of this technique is that it has now been
thoroughly tested on chain lengths for which full
relaxation and equilibrium data can be achieved in a
reasonable MD simulation time. The comparison be-
tween configurational statistics of chains obtained using
single-chain PMC/MD sampling and those in the cor-
responding bulk melt have been carried out on a variety
of short-chain homologues for n-alkanes,41,43,44 poly-
(ethylene oxide) (PEO),45,46 poly(vinyl chloride) (PVC),47

poly(ether ether ketone) (PEEK), and two polyimides
based on the BCDA and ODPA dianhydrides.48 In most
of these tests, the radii of gyration, end-to-end distances,
and percentage of trans conformers of the chains were
found to agree within over ∼95%. The only exceptions
to date are the PEO homologues with a ∼70-80%
agreement between single-chain-sampled and bulk melt
configurations.45,46 This discrepancy was eventually
traced to a competition between intra- and intermolecu-
lar C-H‚‚‚O interactions in the bulk melt,47 which is
obviously difficult to take into account using a Flory-
type approach. It is worth noting too that the optimal
number of backbone bonds to consider in the calculation
of the local energy does depend on the chemical struc-
ture and that this parameter, typically equal to four45,46,48

or five,46 has to be optimized depending on the chemical
structure of the molecule under study. Despite these
reservations, the excellent agreement obtained between
single-chain-sampled and MD-relaxed configurations
prove that the PMC/MD generation technique, once
tested on short-chain oligomers, can be used to reliably
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sample the configurational phase-space of molecules of
arbitrary length in the bulk melt phase.

The hybrid PMC/MD method for single-chain sam-
pling has been described in detail elsewhere,48 and we
will only outline here its main features as applied to
our copolyimides. Each 40 (dianhydride-diamine) mono-
mer chain was independently subjected to a single-chain
PMC/MD sampling procedure at 700 K, since the
experimental glass-transition temperatures in these
copolyimides were found to be as high as 650 K.27 Each
PMC/MD simulation was carried out for typically 150
ps with a period of 100 MD time-steps of 1 fs between
attempted PMC moves.49 Torsions within rings were
excluded from the PMC sampling as they are interde-
pendent. All other torsions were sampled irrespective
of whether they are significant or not regarding the
global configurations of the chain. As previous tests
carried out on short polyimide oligomers had shown that
the optimal number of bonds to consider in the local
energy approximation is four,48 this value was retained
for the work here. The local energy difference following
a pivot move was then calculated and submitted to a
standard Metropolis acceptance criteria.50 Irrespective
of whether the new configuration of the chain resulting
from the PMC move was accepted or rejected, there then
followed 100 MD steps before the next attempted pivot.
The extent of configurational decorrelation for a given
chain was monitored by following the normalized au-
tocorrelation function for its square end-to-end distance
as a function of time. Configurational decorrelation for
a chain typically took 20-50 ps using the PMC/MD
hybrid procedure.

Three uncorrelated chains for a given system were
then randomly reoriented and distributed in a periodic
cubic MD box corresponding to their experimental
density.27 The respective simulation boxes thus con-
tained a total number of atoms of 6225 for ODA-0, 6153
for ODA-20, 5865 for ODA-100, 6522 for CF3ODA-20,
and 6645 for MeOODA-20. To avoid the problem of
unphysical trapping of bonds in the rings upon intro-
duction of the excluded volume, “phantom atoms”, with
the mass of a carbon, were introduced upon completion
of the generation procedure at the center of each cyclic
group. These phantom atoms were connected to their
corresponding ring atoms through flexible bonds with
a force constant of 300 kg s-2. This value was found to
be sufficiently high to keep them close to the center of
their respective rings despite the rather large initial
overlap forces.

Short constant-volume molecular dynamics simula-
tions were performed with the bending, torsions, out-
of-planes and constraints switched on, while the van der
Waals potential was introduced gradually. Periodic
boundary conditions were applied in all three dimen-
sions. The van der Waals potential was progressively
scaled by a factor varying from 0 to 1 with a short
truncation radius over a period of typically 10 ps.
Velocities were rescaled at each time step to compensate
for the large amount of heat produced in the system.
The presence of phantom atoms and the gradual intro-
duction of the potential led to the progressive reduction
of all high energy overlaps while avoiding the unphysi-
cal entrapments. Phantom atoms were then removed
and electrostatic interactions were switched on.

The simulation continued under constant-volume
(NVT) conditions at 700 K for about 100-200 ps in order
to further relax local hot-spots and to allow the system

to come to thermal equilibrium. The temperature was
maintained at a given value by loose-coupling to a heat
bath51 with a coupling constant of 0.1 ps. The system
was then progressively cooled toward its target tem-
perature of 300 K at a rate of -1 K ps-1. It was switched
to NPT conditions, in which the on-diagonal and off-
diagonal components of the pressure tensor are main-
tained at ∼1 and ∼0 bar, respectively, by loose-coupling
with a coupling constant of 5 ps;52 i.e., the simulation
box is allowed to relax toward its equilibrium shape and
density. To further assess the extent of relaxation, an
additional high-pressure (10 000 bar) and high-temper-
ature (1000 K) NVT annealing procedure was carried
out for typically 200 ps and the system was once again
allowed to relax toward its equilibrium state at 300 K.
In all cases, the resulting average relaxed densities were
not found to change by more than 0.02 g cm-3, thus
confirming the efficiency of our initial procedure.

2.4. Production Runs. The simulations were run at
∼300 K until the density settled around a constant
value, which typically happened after about 500 ps. The
criterion for equilibration was that of Suter and co-
workers in their work on hydrated polyamides53, and
bisphenol A-polycarbonate and poly(vinyl alcohol),54 i.e.
the absence of any drifts in density larger than 3 × 10-4

g cm-3 ps-1 during the last 100 ps of the equilibration
procedure. This is consistent with systems in the glassy
state and allows for equilibration of the systems in their
local minima.53

A given simulation box was decomposed by the
parallel code into 2 × 2 × 2 ) 8 domains each of ∼20 Å
side length and each containing two link-cells per
dimension with a length greater than the cutoff plus
the shell width (1.5 Å) used in the creation of the
neighbor table. Within the restriction on the cutoff and
acceptable CPU costs,55 the optimal convergence of the
Ewald sum was obtained using R ) 0.30 Å-1 and Kmax
) 12, while the real-space potential was truncated at
8.5 Å. The van der Waals potentials were also truncated
at 8.5 Å, and long-range corrections to the energy and
the pressure were calculated on the basis of the radial
distribution functions being equal to unity beyond the
cutoff.

Production runs were carried out for 1000 ps for each
system under study, during which configurations were
stored at 5 ps intervals, and thermodynamic and con-
formational data every 0.5 ps for post-analysis. A
schematic representation of the CF3ODA-20 system is
given in Figure 2.

3. Results and Discussion

3.1. Evaluation of the Packing Models. Experi-
mental glass-transition temperatures for the systems
under study are all over 500 K.27 When cooled to 300
K, the simulated systems also settle into an arrested
state showing little overall mobility afterward, i.e.,
typical of the glassy state.56 This does not prevent
mobility on a local range, but as has been found in other
simulations of glassy polymers,53,54,57 the state for each
system is clearly a nonequilibrium one.

To assess how strongly the results are correlated with
the specific configuration of the packing model, the full
preparation procedure was repeated eight times for an
ODA-0 system. The eight independent simulation boxes
used in this test contained two chains instead of three,
i.e., 4150 atoms in order to limit the amount of neces-
sary computational resources. The criterion for equili-
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bration53,54 was checked for each specific structure and
the production run was 300 ps at 300 K. All other
simulation details were the same as reported above.

Table 1 gives the average relaxed densities 〈F〉 at 300
K for the eight different ODA-0 packing models. In
addition, the average indiscriminate intermolecular
radial distribution functions,9 ginter(r), for the ODA-0
chains were also extracted. This allowed us to compare
the average nearest-neighbor intermolecular distance,
r0.5, arbitrarily defined as ginter(r0.5) ) 0.5, which is
quoted for each packing model in Table 1.

It is clear from Table 1 that the densities obtained
for the ODA-0 models are very close to the experimen-
tally determined value of 1.368 g cm-3.27 Indeed, they
all lie within less than 2% of the experimental value,
with four packing models even coming up to less than
1% of the expected density. In the literature, it is
generally accepted that a difference of less than 5% can
still be acceptable.13 In their extensive work about
polyimides, Hofmann et al. have used the 2% limit
between simulated and experimental values as a maxi-
mum criteria to assess whether their extensive equili-
bration procedure for polyimide packing models was
complete.19 It is worth mentioning that although the
packing procedure is quite different from ours, with
insertions of small molecules to form obstacles and
prevent catenation and spearing, as well as a series of
high-pressure and high-temperature annealing steps
which are outlined in refs 20 and 58, the aim is the
same, i.e., to get model densities which are as close as
possible to the experimental values. In this work, the
similar order of agreement obtained between simulated
and experimental densities for our ODA-0 systems thus
suggests that our procedure for creating packing models
of polyimides in the glassy state is both adequate and
repeatable. In addition, it is also a strong validation for
the force-field used in the case of ODA-0.

Figure 2. Schematic representation of the CF3ODA-20 simulation box. Chains are shown in their continuous representation.
The periodic boundary conditions employed ensure that all the space is filled with polymer.

Table 1. Average Relaxed Densities 〈G〉 in g cm-3 and
Nearest-Neighbor Intermolecular Distances, r0.5, Defined

as ginter(r0.5) ) 0.5, at 300 K for Eight Independently
Prepared ODA-0 Packing Modelsa

system 〈F〉/g cm-3 r0.5/Å

(ODA-0)-1 1.348 3.20
(ODA-0)-2 1.395 3.10
(ODA-0)-3 1.368 3.10
(ODA-0)-4 1.345 3.25
(ODA-0)-5 1.360 3.25
(ODA-0)-6 1.368 3.20
(ODA-0)-7 1.343 3.30
(ODA-0)-8 1.355 3.15

a The standard error on 〈F〉 is (0.001 g cm-3, and the experi-
mental value is 1.368 g cm-3. The standard error on r0.5 is (0.05
Å.
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Experimentally determined d-spacings, as obtained
using wide-angle X-ray diffraction,27 are commonly
thought to represent the mean interchain distances in
a system59 and thus can be compared to the average
nearest-neighbor intermolecular distances. The r0.5 for
the eight independent samples all fall within the range
3.1-3.3 Å. This confirms that the models prepared using
the procedure described in section 2 are quite consistent.
The specific configuration of the packing model used for
a given system should thus have a limited influence on
the results.

3.2. Bulk Properties. The average relaxed densities
〈F〉 of the five systems under study (ODA-0, ODA-20,
ODA-100, CF3ODA-20, and MeOODA-20; see Figure 1)
are given at 300 K in Table 2, along with the average
volumes 〈V〉 of the MD cells. Also shown in Table 2 are
the average intermolecular potential energies, 〈Upot

inter〉,
plus their resolution into van der Waals and Coulombic
contributions, and the Hildebrand solubility parameter,
δ, defined as

3.2.1. Density. The average model densities 〈F〉simul
are all found to be close to the corresponding experi-
mental densities 〈F〉exp.27 Indeed, the difference between
simulated and experimental values is 0.7% for ODA-0,
0.9% for ODA-20, 2.2% for ODA-100, and 0.4% for CF3-
ODA-20. It is interesting to note that the discrepancy
between simulated and experimental densities seems
to increase with the BCDA content. This might be
related to the exclusive choice of the lowest-energy
boat-boat isomer of the BCDA fragment, whereas there
is a strong possibility that higher-energy boat-chair and
chair-chair isomers also exist in the real systems.
However, as was pointed out before, we do not have any
experimental evidence available concerning the propor-
tions of the different isomeric forms. Another point to
reflect upon is that experimental systems are also
dependent on external factors such as the solvent used
for processing the films27 or the ambiant environmental
conditions.60 In addition, three simulated densities out
of four differ with less than 1% from their corresponding
experimental values and even the ODA-100 system falls
well within the 5% limit mentioned above. As far as

MeOODA-20 is concerned, the experimental density is
not available but the model density also falls within the
expected range for polyimides.

As is seen experimentally, the density is found to
decrease with the BCDA content. This trend can be
related to the steric hindrance brought about by this
bulky motive. The addition of a trifluoromethyl group
on the diamine leads to the highest-density system,
which is also in agreement with experiment. However,
Table 2 shows that the CF3ODA-20 model also has the
largest molar volume, and the increase in density is thus
related to the overcompensation of the volume expan-
sion by the extra mass associated with the fluorine
groups. On the other hand, the MeOODA-20 model
suggests that replacing the trifluoromethyl with a
methoxy group would have a more limited effect on the
density of the unsubstituted copolyimide as the smaller
increase in volume is slightly overcompensated by the
increase in mass.

3.2.2. Energy. Consistent with the densities, average
intermolecular potential energies 〈Upot

inter〉 tend to in-
crease with the BCDA content, thus indicating that the
systems are less tightly packed. This agrees with
experimental d-spacings obtained using wide-angle X-
ray diffraction.27 〈Upot

inter〉 are mostly dominated by van
der Waals 〈ULJ

inter〉 interactions, which amount to 80-
90% of the total cohesive energies. Indeed, the variations
in 〈Upot

inter〉 and 〈ULJ
inter〉 energies are quasi-linear. On the

other hand, the average Coulombic 〈Ucoul
inter〉 energies

have a tendency to slightly reinforce cohesion with
increasing BCDA content. However, the dominating
factor in these energetic terms is undoubtedly the steric
effect brought about by the BCDA moiety.

While the volume of the CF3ODA-20 simulation box
is ∼9.2% larger than that of the unsubstituted copoly-
imide, the addition of a trifluoromethyl group on the
diamine only leads to a 4% decrease in packing energy.
This is due to two main antagonistic factors, i.e., the
steric repulsion brought about by the presence of a
trifluoromethyl group (with a van der Waals volume of
21.3 vs 3.4 cm3 mol-1 for a hydrogen61) and the attrac-
tive interactions due to the partial charges carried by
the fluorine atoms (q/e =0.15). As a result, the overall
decrease in cohesion exhibited by the intermolecular
energies remains relatively limited with respect to the
change in volume. On the other hand, the volume
expansion following the addition of a smaller methoxy
group (with a van der Waals volume of 17.4 cm3 mol-1

61) is only ∼4.5%, and the main effect on the intermo-
lecular energy is a cohesive increase in 〈ULJ

inter〉. The
added interactions with the methoxy group thus out-
weigh the change in volume and its effect on the energy
is opposite to that brought about by the introduction of
CF3.

3.2.3. Hildebrand Parameters. As shown by eq 7,
the Hildebrand parameters are directly linked to the
cohesive energy density of the different systems. They
all lie well within the empirical range of δ ) 14-28 (J
cm-3)1/2, reported for polymers.61 As expected from the
densities and the total intermolecular potential ener-
gies, the cohesive energy density is inversely propor-
tional to the amount of the BCDA moiety in the
copolyimides. In a similar vein, the volume expansion
effect of the trifluoromethyl group is reflected by the
decrease of the cohesive energy density in the CF3ODA-
20 system. On the other hand, the overcompensation of
the volume expansion by the van der Waals attractions

Table 2. Results of the MD Simulations Undertaken at
300 K for the Five Systems under Studya

properties ODA-0 ODA-20 ODA-100 CF3ODA-20 MeOODA-20

〈F〉simul 1.377 1.349 1.297 1.417 1.373
〈F〉exp 1.368 1.361 1.326 1.423
〈V〉 70 750 70 350 65 600 76 800 73 600
〈Upot

inter〉 -6367 -5927 -4719 -5683 -6278

〈ULJ
inter〉 -5669 -5203 -3951 -5184 -5511

〈Ucoul
inter〉 -698 -724 -768 -499 -767

δ 21.17 20.48 18.93 19.20 20.61

a The average relaxed model densities 〈F〉simul and the experi-
mental densities 〈F〉exp measured in m-cresol are given in g cm-3

with a maximum standard error of ( 0.001 g cm-3. The experi-
mental density for the MeOODA20 system is not available. 〈V〉
are the average volumes of the MD cells in Å3 with a maximum
standard error of ( 50 Å3. The average potential intermolecular
energies 〈Upot

inter〉 as well as their resolution into van der Waals
〈ULJ

inter〉 and Coulombic 〈Ucoul
inter〉 terms are quoted in kJ mol-1

molecule-1 with a maximum standard error of (5 kJ mol-1

molecule-1. The Hildebrand solubility parameter, δ, is given in (J
cm-3)1/2 with a standard error of (0.02 (J cm-3)1/2.

δ ) x 〈Upot
inter〉

〈V〉
(7)
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in the MeOODA-20 model are shown in the slight
increase of the cohesive energy density with respect to
the unsubstituted system. It is interesting to note that
the solubility parameter could thus be fine-tuned in
these types of systems depending on the choice of
substituent. The problem of limited solubility is indeed
a major one in the field of polyimides.1

These parameters can also be empirically estimated
through the group contribution approach.61 Values
obtained for the polyimides under study fall within the
25-32 (J cm-3)1/2 range62,63 and are thus higher than
the simulated δ. However, these empirical parameters
do not reproduce the experimental solubilities of the
copolyimides under study in various solvents.27 In
addition, the empirical Hildebrand parameters evalu-
ated using the Hoy method62 vary in the order δ(ODA-
20) < δ(CF3ODA-20), while δ(ODA-20) > δ(CF3ODA-
20) using the Fedors method.63 These shortcomings have
been linked to the inability of the group contribution
approach to take into account the isomeric structures
of the rings as well as the lack of parameters for some
functional groups.27 The empirical Hildebrand param-
eters can thus not really be used as a validation for our
models. However, it should be mentioned that the
decrease in δ as the BCDA content increases, i.e., δ-
(ODA-0) > δ(ODA-20) > δ(ODA-100), is found both
using the Hoy62 and the Fedors63 methods,27 and is
consistent with the values shown in Table 2.

Another way to validate the quality of such models
is the calculation of solubilities for small gas molecules,
as has been done for other polyimide systems.18-20,64

Solubility coefficients can be obtained using the particle
insertion technique of Widom.65,66 Such calculations
have been carried out on all five models with He, O2,
and N2 molecules and the results were found to be of
the same orders of magnitude than those reported in
refs 18-20 and 64. However, as we do not have at
present any direct experimental data available with
which to compare them, we intend to report on these
aspects at a later stage.

3.3. Structural Properties. 3.3.1. Indiscriminate
Intermolecular Radial Distribution Functions. As
described in other simulation works,12,13 the indiscrimi-
nate intermolecular radial distribution functions for the
chains, ginter(r), can be used to assess whether the
atomistic model systems are really amorphous or whether
they exhibit some crystalline characteristics. Experi-
mentally, all the copolyimides were found to be fully
amorphous using X-ray diffraction analyses with the
exception of the ODA-0 film which had a crystallinity
ratio of about 10%.27

The ginter(r), calculated over all atoms in a given
system are shown in Figure 3. They reveal no apparent
order and all five models can thus be considered as
amorphous. Global intermolecular radial distribution
functions were also analyzed for polyimide backbone
atoms, i.e., only ring atoms were taken into account.
These ginter-backbone(r) functions are very similar to the
corresponding ginter(r) and remain in the same relative
order.

The r0.5, which reflect the interchain distances in the
systems, are found to increase in the order ODA-0 <
ODA-20 ≈ MeOODA-20 < CF3ODA-20 < ODA-100.
Results are consistent with the evolution of the experi-
mental d-spacings as a function of the percentage of
BCDA, which were estimated to be 4.7 Å for ODA-0,
5.3 Å for ODA-20 and 5.4 Å for ODA-100 in the

reflection mode. The corresponding experimental d-
spacings obtained in the transmission mode are 4.5 Å
for ODA-0, 5.0 Å for ODA-20 and 5.6 Å for ODA-100.27

Although the d-spacing is defined by the position of the
maximum in the amorphous halo in X-ray diffracto-
grams, and as such can be rather ill-defined, it does
follow the general trend of larger interchain distances
as the BCDA content increases. Experimental d-spac-
ings for the CF3ODA-20 system were estimated in the
reflection mode at 5.0 Å in m-cresol,27 i.e., the same
order of magnitude than the ODA-20 system. Our
models suggest that interchain distances remain similar
upon adding a methoxy group while, as is the case with
BCDA, they slightly decrease with trifluoromethyl sub-
stituents in agreement with the energy analyses.

3.3.2. Conformational Analyses. The large number
of rings in the stiff polyimide backbones means that the
only real conformational backbone degrees of freedom
are the so-called “pivot angles”, i.e., rotations around
the nitrogen-phenyl bonds of the dianhydride-diamine
linkages (C-N-C-C torsions) and around the ether
linkages of the diamine and ODPA moieties (C-O-C-C
torsions) (see Figure 1).

In the TRIPOS 5.2 force-field,31 the bending equilib-
rium angles are set to 120° for the C-N-C dianhy-
dride-diamine linkages and to 110° for the C-O-C
ether bridges. In all cases, the steric and electronic
repulsions between the rings leads to the opening of the
angles. Indeed, the average values for C-N-C angles
are ∼126.0° for all ODPA-ODA and ∼124.2° for all
BCDA-ODA fragments. This offset can be linked to the
imide oxygen/ODA hydrogen electrostatic interactions
which are more attractive in the BCDA-ODA monomer.
The C-O-C bends in the ODPA and ODA fragments
are more flexible and their average values fall in the
114.8-117.5° range, the differences being related to the
distributions of C-C-O-C dihedral angles.

The underlying probability density distributions for
the pivot dihedral angles are shown in Figure 4 in the
case of the ODA-0 model. N.B. in the convention used
here, the dihedral angle varies from -180 to +180° with
τ ) 0° corresponding to the trans conformation, i.e.,
where all four atoms lie in the same plane and atoms
at either end are at their furthest distance apart. The
dianhydride-diamine ODPA-ODA distributions ex-
hibit four well-defined peaks located at around (30° and
(150°, which correspond to the four possible C-C-N-C
angles around a linkage. The corresponding BCDA-
ODA distributions (not shown) are very similar.

Figure 3. Indiscriminate intermolecular radial distributions
averaged over all atom pairs and over all configurations for
each system under study.
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The rotational barriers are much lower in the case of
the ODA and ODPA ether linkages. Figure 4 shows that
there are no clear peaks centered around specific values
and that they actually span the whole domain of
possible torsion angles. The H‚‚‚H interactions on either
side of the rings cause the C-C-O-C dihedrals to have
a small preference for gauche conformations, which is
also slightly enhanced by either trifluoromethyl or
methoxy substituents. However, the high flexibilities of
these ether bridges is maintained in all five systems
under study and their C-C-O-C distributions are very
similar. It should be mentioned that differences in the
conformational behavior could not be either clearly
distinguished in a recent comparative study of BCDA-
ODA and PMDA-ODA (PMDA ) pyromellitic dianhy-
dride) oligomers.67 This would suggest that the pivot
angles are thus only governed by very local intramo-
lecular factors which are common to all these polyim-
ides, i.e., the dianhydride imides and the aromatic rings.

The C-C-C-F dihedrals in the CF3ODA-20 model
span the whole domain of possible torsion angles, which
is characteristic of very freely rotating groups. Indeed,
the trifluoromethyl group is symmetric and fairly
spheric with respect to rotations around the central
bond of the C-C-C-F torsions. The distributions for
the C-C-O-CH3 dihedral angles in the MeOODA-20
model are more structured, so rotations in this case are
likely to be more restricted. This is related to the
asymmetry of the methoxy group which implies a
significant rearrangement of the local structure to allow
rotations around the central bond of the C-C-O-CH3
torsions. The added cohesive terms in the intermolecu-
lar energy of the MeOODA-20 model (see Table 2) will
further enhance these restrictions.

3.3.3. Specific Intermolecular Radial Distribu-
tion Functions. To determine whether the different
copolyimides exhibit preferential structural arrange-
ments between dianhydride and/or diamine fragments,
specific intermolecular radial distribution functions
gA‚‚‚B(r) were calculated from the positions of the atoms
belonging to the six-atom ring moieties of the respective
dianhydrides and the two phenyl rings of the diamines.
These gA‚‚‚B(r) were integrated to give the total number
of atoms belonging to ring B within a radius r of an atom
belonging to ring A

where NB is the total number of atoms belonging to a
ring B in the system, and 〈V〉 is the average volume of
the simulation box. This allows direct comparisons
between models which have different 〈V〉 (Table 2). It
should be mentioned that in all cases where the ODPA
or the BCDA moiety was included in the analyses, the
closest interactions found were those with the carbonyl
oxygens of the imide groups, since these atoms are much
more accessible than those in the sheltered middle
parts. However, for better comparison, analyses were
carried out on those parts which differ in both dianhy-
drides, i.e., their six-atom rings. Within a given system,
the stacking of planar aromatic rings (mainly ODA-
ODA and ODA-ODPA followed by ODPA-ODPA) were
always the predominant interactions, as they are them-
selves more accessible than the bulky BCDA fragments.

nA‚‚‚B(r) are shown in Figure 5a for interactions where
an ODPA aromatic ring is of type A and an ODA
aromatic ring is of type B. These specific interactions
are particularly relevant with regard to charge-transfer
complexes (CTC),68 which are known to occur in some
polyimides.4,69-73 These CTC form by electron transfer
between electron-rich diamine rings and electron-
deficient dianhydride rings and have been characterized
by UV spectroscopy,4 solid-state 13C NMR,70 15C NMR,71

and fluorescence spectroscopy.72,73 Although classical
molecular dynamics simulations do not allow for elec-
tron transfer, it is obvious that direct orbital interac-
tions are only possible if both moieties come into close
contact.71 UV spectrophotometry analyses show that
ODA-0 and ODA-20 have very similar color indices
which are higher than that of CF3ODA-20.27 Such high
color indices have been directly linked to the formation
of the CTC in the literature.68

Figure 4. Compared dihedral angles probability densities for
the ODPA-ODA C-C-N-C dihedral angles as well as the
ODA and the ODPA C-C-O-C ether bridges in the ODA-0
model.

Figure 5. Intermolecular nA‚‚‚B(r) curves for (a) ODPA aro-
matic carbons with ODA aromatic carbons and (b) ODA
aromatic carbons with themselves as a function of the chemical
structure of the copolyimide.

nA‚‚‚B(r) ) 4π
NB

〈V〉 ∫0

r
gA‚‚‚B(s)s2 ds (8)
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It should also be pointed out that for other aromatic
molecules,74,75 both the inter-ring distance and the
extent of overlap of the aromatic system were found to
contribute to the color. Although we do not explicitly
calculate overlap integrals, we note that the nA‚‚‚B(r)
curves implicitly include information on both distances
and overlaps as they are averaged over all possible
interatom distances between the rings; two aromatic
rings perfectly stacked on top of each other will give rise
to the largest number of short distances.

Figure 5a shows that the simulation data is consistent
with experiment where ODPA-ODA interactions are
less predominant when the diamine is substituted;
whether it be by a trifluoromethyl or by a methoxy
group. Shorter distances and maximum overlap are
found in the systems which stack easier, i.e., ODA-0 and
ODA-20. On the other hand, the nBCDA‚‚‚ODA(r) curves
are rather similar in all three ODA-20, CF3ODA-20, and
MeOODA-20 systems. These interactions are thus al-
most totally dominated by the dissymmetric space-filling
of the BCDA dianhydride, which prevents easy stacking
in the first place. Indeed, the experimental color indices
are found to decrease as the percentage of BCDA
increases.27 In addition, its middle ring is alicyclic and
nonaromatic. Adding BCDA moieties or substituents on
the diamine will thus in all cases lower the possibilities
of CTC formation, which are known to restrict the
available space within polyimide matrixes.1-3

Diamine-diamine nODA‚‚‚ODA(r) are shown in Figure
5b. While they are rather similar for the unsubstituted
systems (with a slightly favored interaction in the ODA-
100 related to the lack of competition for stacking with
the dianhydride), they differ in the ODA-20 based
models. The main effect is due to the polar trifluoro-
methyl group which leads to significant repulsions
between the ODA rings and pushes the chains apart.
On the other hand, the smaller and less repulsive
methoxy substituent will not shift too much the
nODA‚‚‚ODA(r) curves with respect to the unsubstituted
system. The same phenomenon can be seen on the
dianhydride-dianhydride n(r), where the methoxy co-
polyimide always has an intermediate behavior between
the unsubstituted and the trifluoromethyl copolyimide.

To further assess the structural interactions associ-
ated with the substituents on the diamine, intermo-
lecular nA‚‚‚B(r) with A being different atom types and
B being either fluorine atoms or methoxy hydrogens,
were also examined. The closest interactions found are
always with the ketone oxygens on the dianhydrides,
and in most cases, both types of substituents behave in
the same way except that the interactions with fluorine
are slightly shifted toward larger distances. This is
related to the larger steric and electronic repulsion of a
fluorine with respect to a hydrogen and suggests that
none of the substituents seem to form a particularly
favored interaction with a specific site on the copoly-
imide. Although both the trifluoromethyl and the meth-
oxy group will affect the void space, their influence on
the polyimide conformations remains very limited as
suggested by the conformational analyses. This conclu-
sion is further supported by a separate series of hybrid
PMC/MD single-chain sampling 5 ns runs (results not
displayed), where the distributions of average square
end-to-end distances and average square radii of gyra-
tions are found to be quite similar for the unsubstituted
and substituted copolyimides.

3.4. Morphology of the Void Space. To complement
the other analyses, the amount of “void space” and the
manner in which it is distributed were characterized.
There have been many attempts to estimate the mor-
phology of void space using for example empirical
calculations,61,76 positron annihilation experiments,7,8

labeling and probes,77 or atomistic simulations.58,78-80

Within this framework, we used a method based on
the “phantom sphere approach”,78,79 which is similar to
that described in a recent paper by Hofmann et al.58 In
their work, the authors lay a three-dimensional grid
over the simulation boxes and test at each grid point
whether a hard sphere with a given volume overlaps
hard spheres representing the polymer atoms.58 In our
approach, the accessible space is instead obtained by a
Monte Carlo procedure in which probes of a preset
radius are randomly and independently inserted into
the MD configurations previously stored. The polymer
atoms are represented by hard spheres with standard
van der Waals radii, i.e., 1.20 Å for H, 1.47 Å for F, 1.50
Å for O, 1.55 Å for N, and 1.70 Å for C.61,76 Five million
trial insertions are attempted for each system, and only
those probes which do not overlap with the copolyimide
atom hard spheres are accepted. The percentage of
probe-accessible volume (% PAV) is then simply the
percentage of accepted insertions. The probe-accessible
volume itself (PAV) is the product of the probability of
accepting an insertion with the volume of the simulation
box. To further characterize the PAV distribution, the
positions of all accepted probes are stored and distances
between them are subjected to an interaction limit Rp
which links those probes having been inserted into the
same “hole” for a given configuration. The subsequent
“clusters” of linked probes can then be used to define
the volumes of the individual holes from the proportion
of the total number of accepted probes in the holes and
the total PAV of the configuration. This is also very
similar to the “V_connect” approach of Hofmann et al.,58

where the neighboring “free” grid points are put to-
gether in the same groups. However, it is obvious that
the resulting distributions will depend very much on
the choice of Rp. For example, small values of Rp lead
to distributions where each probe forms its own separate
hole whereas large values of Rp give just one large
percolating cluster. By trial and error, a value of Rp )
0.65 Å for a probe of radii 1.1 Å (i.e., corresponding to
the size of a positronium) was found to lead to distribu-
tions with a range of hole sizes that could be used to
compare the different systems in a relative way. This
value is also similar to the grid lattice spacing of ref
58, i.e., 0.7 Å. All results were averaged over all the
stored configurations for a given system.

It should be stressed that this analysis gives only
access to global free volume regions and does not as yet
lead to any real information about the shape of the
holes. Other techniques have been proposed in order to
better exploit information from MD simulations and to
compare, for example, with positron annihilation life-
time spectroscopy (PALS). One is the “R_max” approach
of Hofmann et al.,58 which in a further step from the
“V_connect” mentioned above, finds local maxima of
shortest distances among the “free” grid-points, and
decomposes complex holes into more local regions.
Another one is that of Schmitz and Müller-Plathe,80 who
have designed a path integral Monte Carlo method to
directly calculate the positronium lifetime in the free
volume sites in order to extract spectra and free volume
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properties. However, we do not have as yet available
PALS results on the copolyimides under study to
compare with and so this is beyond the scope of the
paper. Instead, we attempt a global comparison of the
void-space morphology by applying the same basic
assumptions to our selection of copolyimides.

The % PAV are given in Table 3 for probe radii
ranging from 0 to 1.3 Å. Also shown in Table 3 are the
free volume fractions (FFV) empirically estimated from
the experimental densities using the Bondi method.61,76

Although this approach is known to be rather ap-
proximate mainly because of the consideration of a
universal scaling factor of 1.3 for the van der Waals
volumes in the estimation of the occupied volume, the
various corrections for intramolecular crowding and
association bonding81 and the approximation of spheric
geometries for whole groups of atoms,61,76 the empirical
values reported in Table 3 fall well within the usual
range of FFV for polyimides, i.e., from 10 to 20.82,83 In
our approach, the closest values to the Bondi FFV are
obtained using a probe size of 0.4 Å. The same conclu-
sion was reached by Hofmann et al.58 in their work on
PTMSP, PTMSS, and PFDMSS polymers, where the
best agreement between Bondi and simulated FFV was
found for a probe size of 0.43 Å. As expected, smaller
probe sizes lead to higher values, with the zero radius
probe representing the total free volume, i.e., the total
volume not occupied by the polymer atoms. However, a
zero radius probe will sample volume which can never
be accessed and results should be more meaningful for
probes eliminating this artifact, such as the positronium
1.1 Å probe. In addition, information can be obtained
from the variation of the % PAV with the probe size
which will be characteristic for a given polymer.

With small probes (up to 0.8 Å), the relative order of
the % PAV was consistently MeOODA-20 < ODA-0 <
ODA-20 < CF3ODA-20 < ODA-100. The order remained
the same for larger probes, except that the CF3ODA-20
was found to have a larger % PAV than the ODA-100,
which is consistent with the experimental FFV. The void
space is thus found to increase along with the introduc-
tion of the BCDA dianhydride as this fragment leads
to larger interchain distances. In addition, its geometry
with the bridge on one side is asymmetric and small
probes will be accepted inside the space already occupied
by the BCDA moiety. However, the system exhibiting
the highest % PAV for probes over 0.9 Å is the CF3ODA-
20 model. This is consistent with the literature on
fluorine substituents, where their steric and electronic

repulsive effects are considered quite efficient in keeping
the polymer chains apart.84-87 On the other hand, the
MeOODA-20 exhibits the smallest amount of void space
despite a larger simulation box than all the unsubsti-
tuted polyimides (cf. Table 2). The methoxy groups thus
have a tendency to occupy a part of the void space which
already exists in the unsubstituted systems. This is
consistent with the relatively similar interchain dis-
tance (see Figure 3) in both ODA-20 and MeOODA-20
models and the limited swelling of the MeOODA-20
simulation box.

The underlying PAV distributions for the 1.1 Å probe,
corresponding to the positronium radius, and an Rp )
0.65 Å are shown in Figure 6. Figure 6a compares the
three unsubstituted systems, i.e., ODA-0, ODA-20, and
ODA-100. The smallest and largest amount of small
holes (accessible volume less than 10 Å3) are found in
the ODA-0 and ODA-100 homopolyimides, respectively.
These are obviously largely related to the planar
aromatic-ring-based geometry of the ODPA dianhydride
while the BCDA dianhydride has a kinked and bulky
geometry. The flexible ODPA-based system (ODA-0) will
thus lead to an extended distribution which is charac-
terized by more accessible volume in the form of larger
hole sizes. The rigid BCDA-based system (ODA-100)
favors voids in the small to medium range of hole sizes.
This is consistent with the fact that BCDA-ODA-based
oligomers were found to favor smaller holes with respect
to their planar and more regular PMDA-ODA coun-
terparts.67 The coexistence of both types of dianhydrides
on the polyimide chain (ODA-20) leads to a reorganiza-
tion of the void space. Indeed, this system has an
intermediate behavior between both homopolyimides

Table 3. Average Percentages of Probe-Accessible
Volume (% PAV) in the Different Systems as a Function

of the Probe Radiusa

probe
radius/Å ODA-0 ODA-20 ODA-100 CF3ODA-20 MeOODA-20

0 34.17 35.29 37.25 35.89 33.97
0.4 13.56 14.17 15.99 15.13 12.63
0.6 7.70 8.02 9.40 8.97 6.72
0.8 4.11 4.25 5.15 5.06 3.28
0.9 2.94 3.02 3.71 3.72 2.22
1.0 2.08 2.12 2.61 2.71 1.47
1.1 1.45 1.47 1.80 1.94 0.95
1.2 1.00 1.00 1.21 1.37 0.61
1.3 0.69 0.67 0.80 0.95 0.38

empirical
FFV

13.4 13.6 14.9 16.4

a Errors in the % PAV are (1 in the last figure quoted. The
experimental FFV (free volume fractions) are empirically esti-
mated from the real densities using the Bondi method.61,76

Figure 6. Distributions of the amount of volume accessible
to trial insertions of a 1.1 Å radius probe with an interaction
parameter of Rp ) 0.65 Å as a function of the hole size: (a)
distributions for the ODA-0, ODA-20, and ODA-100 models
(b) distributions for the ODA-20, CF3ODA-20, and MeOODA-
20 models.
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with respect to the smallest holes, but its distribution
decreases faster and there are no large holes in the
model.

Figure 6b examines the effect of the diamine sub-
stituent on the void morphology by comparing the ODA-
20, CF3ODA-20, and MeOODA-20 models. The trifluo-
romethyl substituent is found to significantly increase
the whole population of voids with respect to the
unsubstituted copolyimide, and even leads to a distribu-
tion which is reminiscent of the ODA-100 system
(Figure 6a). The methoxy substituent has the opposite
effect. It does not really lead to any new holes and even
decreases the population of voids by occupying holes
which are already there in the unsubstituted system.

4. Conclusions

Five MD simulations have been successfully under-
taken on a series of copolyimides and the chemical
influence of increasing the BCDA content and introduc-
ing a trifluoromethyl or a methoxy substituent on the
ODA diamine has been studied. For four of the five
systems, the results have been directly compared to
previously obtained experimental data26,27 for copoly-
imide chains of about the same molecular weight and
sequence of monomers, although an unanswered ques-
tion relates to the proportion of boat-boat, boat-chair,
and chair-chair conformers for the BCDA groups; they
are considered to be 100% boat-boat in the simulations
but are actually unknown in the experiments. Experi-
mental results for densities, color indices, and free-
volume fractions were used to validate the models.

The initial copolyimide amorphous chain configura-
tions were efficiently prepared using a hybrid PMC/MD-
sampling technique, which had already been extensively
tested elsewhere.41,43-45,46,47,48 The reproducibility of this
preparation procedure has been assessed in this work
by repeating the procedure eight times for the ODA-0
model used here. The good agreement found for the
average relaxed densities and indiscriminate intermo-
lecular radial distribution functions confirmed the
validity of the hybrid PMC/MD polymer sample prepa-
ration procedure.

These MD simulations demonstrate that increasing
the amount of BCDA within a copolyimide system
introduces much steric hindrance and, as a consequence,
decreases the density, the cohesive energy and the
Hildebrand solubility parameter. In addition, interchain
distances are larger, charge-transfer complexes are
more limited, and the amount of probe-accessible vol-
ume is higher. This should increase the diffusivity in
BCDA-based systems. However, the fact that its dis-
symmetric bulky structure leads to more small-to-
medium-range holes is a good indication toward specific
selectivity.

Both diamine substituents under study were found
to have very different consequences. Despite a high CF3-
ODA-20 density, the trifluoromethyl expands the simu-
lation box and decreases the Hildebrand solubility
parameter. With its symmetric freely rotating shape and
its combined steric and electronic repulsions, the chains
are pushed apart and charge-transfer complexes are
likewise limited. Its probe-accessible volume is the
highest of all and results from an increase of all holes
sizes with respect to the unsubstituted copolyimide.

In contrast, the MeOODA-20 methoxy group only
leads to a slight volume expansion which is compensated
by added cohesive interactions. Its density, its cohesive

energy density and interchain distances remain very
similar to those of the ODA-20 model. The methoxy
group has less mobility because of its asymmetric shape,
and its steric effect is fairly limited. Its probe-accessible
volume is the lowest of all systems as the methoxy
groups fill holes which would exist if the copolyimide
was unsubstituted.

These five systems could be distinguished in several
ways at the molecular level although one exception was
the conformational properties of the backbone inter-ring
pivot angles. It is clear that the BCDA moiety and the
trifluoromethyl substituent on the diamine have a
similar qualitative effect on the properties of the co-
polyimides. They both increase the available void space
and decrease chain cohesion, thus leading to more
promising systems as far as diffusion of small molecules
is concerned. This will be the subject of further inves-
tigations. On the other hand, the repulsive effect of the
methoxy group is not strong enough to significantly
differ from the unsubstituted system.
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