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ABSTRACT: Revealing the way of how modification of the chemical structure of a polymer affects its macroscopic physical properties offers an opportunity to develop novel polymer materials
with pre-defined characteristics. To address this problem two
thermoplastic polyimides, ULTEMTM and EXTEMTM, were simulated with small difference in chemical structures of monomer
units, namely, the phenyl ring in ULTEMTM was replaced by the
diphenylsulphone group in EXTEMTM. It is shown that such a
small modification results in a drastic difference of the thermal
properties: the glass transition temperature of EXTEMTM is
higher than that of ULTEMTM. Our molecular-dynamics simulations clearly demonstrated that it is the electrostatic interactions

that are responsible for the observed difference in thermal properties of ULTEMTM and EXTEMTM: large partial charges of the
sulphone group in the EXTEMTM lead to strong dipole–dipole
intra- and intermolecular interactions and correspondingly to an
C 2014 Wiley Periodicals,
elevated glass transition temperature. V
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INTRODUCTION In the last decade polyimides (PI) has become
more and more popular as possible constructing materials.1–3
They found many other industrial applications because of
smaller specific weight as compared with, for example, metals,
having at the same time comparable toughness and thermal
resistance. It is also well known that even minor modifications of a PI chemical structure influences significantly their
physical properties and those for PI-based composite materials.4–8 Nevertheless the existing experimental data are not
that predictive in the sense that they cannot unambiguously
show which chemical modification influences mainly the properties of the final product. This happens simply because the
molecular physical mechanisms which determine the connection of the chemical structure and physical properties are not
known at all, or not completely understood in the best case.
Such a situation restricts dramatically the possibilities of the
synthesis of new thermostable PI with prescribed finalproduct properties.

as the introduction of any group influences not only the distribution of the partial charges along the PI chain backbone,
but also its conformational mobility as well. Undoubtedly,
computer modeling helps to define better the role and
importance of the electrostatic interactions.
Some studies9–14 deal with molecular-dynamics computer
simulations of polymer melts with relatively simple chemical
structure and with small partial charges, as for example,
polyethylene where partial charges were neglected completely. The absence of the electrostatic terms in the used
force fields decreases significantly the required computational resources and, simultaneously, increases the accessible
time intervals. This, of course, leads to the acceptable agreement of simulations with existing experiments. Still, the
answer remains unknown to which extent such an approach
is applicable to PI melts where strongly polarized atoms, or
groups of atoms, are definitely present.

In particular, the question remains open how polar groups
(i.e., groups with rather large atomic partial charges) influence the PI properties. This is absolutely non-trivial problem,

In our previous studies15–19 the atomistic molecular-dynamics
simulation has been applied to R-BAPB and R-BAPS PI thermoplastics.15,20 The chemical structure of these two polymers is

C 2014 Wiley Periodicals, Inc.
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rather similar. The only difference is the presence of the polar
sulphone SO2 group in the dianhydride part of R-BAPS. The
presence of this sulphone group leads to the pronounced difference in the glass transition temperatures (Tg) for two polymers, for R-BAPS being 13 K higher as compared with R-BAPB.
Our recent computer-simulation results19 confirm qualitatively this experimental fact. Still, such a difference of only 13
K lies at the upper precision limits of computer simulations,19
and the question whether the different thermophysical properties of PI R-BAPB and R-BAPS could be explained by different electrostatic interactions or not, remains open.
In the present study the computational investigation has
been carried out for two industrial thermoplastics, namely
ULTEMTM and EXTEMTM of SABIC Innovative Plastics.21–25
The monomer units of these polymers contain the same
dianhydride fragments but differ in diamine fragments
(Fig. 1). The phenyl ring in the meta position for ULTEMTM
monomer has been replaced by the diphenylsulphone group
in EXTEMTM. Such a difference of diamine parts leads to the
noticeable difference of the final thermophysical properties
of these two polymers, in a very close analogy to R-BAPB
and R-BAPS PI discussed above. The largest difference is
observed for Tg values of these PI. For a popular ULTEMTM
1000 product in ULTEMTM series the value of Tg is 490 K,26
for EXTEMTM series the Tg is higher, and is equal to 520 K
for EXTEMTM VH100327 and 540 K for EXTEMTM XH1005.28
Again, we conclude that the PI with strongly polarized
sulphone group has higher (by 30–50 K) Tg.
Computer-simulation methods can be easily implemented for
different polymer (in particular, PI) models, with and without partial charges, and undoubtedly can clarify the importance of the electrostatic interactions. In light of the present
discussion the agreement between simulations and experiments (i.e., in reproducing the difference between the Tg for
two PI) could be better for PI with electrostatic interactions,
only if these electrostatic interactions would be responsible
for the observed difference in thermophysical properties. If
not, the accounting of electrostatics would not influence the
computer simulation results; the values of the Tg simulated
with and without electrostatic interactions would be very
close to each other, for each PI. If so, the experimentally
observed difference in Tg should be explained by some other
possible physical mechanism, such as chain flexibility or
excluded-volume interactions.

FIGURE 1 The chemical structures of the repeat units of
ULTEMTM and EXTEMTM PI simulated in the present study.
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The rest of this article is organized as follows. The model
and the simulation method are described in the section
Model and Simulation Method. The details of the equilibration procedure are presented in the section Results and Discussion. The temperature dependence of density for two
bulk PI, ULTEMTM and EXTEMTM, is discussed in the section
Results and Discussion in the temperature range from 290
to 600 K. It is shown that the values of the simulated Tg contradict the experimental data. The Tg’s calculated from the
densities simulated in a broader temperature range, from
290 to 700 K are presented in the section Results and Discussion. The larger temperature range helps to reproduce
qualitatively the experimental data provided the electrostatic
interactions have been taken into account. Sulphur–sulphur
pair correlation functions for EXTEMTM model with and
without electrostatic interactions are also shown in this section. We argue in this section about the possible molecular
mechanism responsible for the changes of the thermophysical properties upon insertion of the polar sulphone group
into the PI repeat unit. We finalize the article with conclusions presented as the last section.
MODEL AND SIMULATION METHOD

Computer simulations of this article have been carried out
with Gromacs simulation engine29,30 using Gromos53a631
force field. This force field has been used by us recently for
R-BAPB and R-BAPS PI;16–19 the agreement with experimental data has been obtained in that case. The current simulations have been carried out in NpT ensemble, with threedimensional (3D) periodic boundary conditions. Temperature
and pressure in the simulation box have been controlled by
Berendsen thermostat and barostat;32 the corresponding
time constants were taken as 0.1 and 0.5 ps.16–19 LINCS
algorithm33 has been used to constrain the bond lengths and
the integration time step was fixed to 2 fs.
In the present study the computer simulations of the thermostable PI have been carried out with and without electrostatic interactions, the last situation has been achieved by
zero atomic partial charges. In general, the partial charges
have been calculated as follows.17 The energy optimization
of dimer chemical structures for ULTEMTM and EXTEMTM has
been carried out first. For this purpose Hartree–Fock (HF)
method has been used with 6-31G* basis set of wave functions. Following this optimization, the partial charges have
been calculated using the Mulliken method. All quantumchemical calculations have been performed using Firefly34
package. The electrostatic interactions have been calculated
using PME Ewald summation method.35,36 For these calculations the cut-off radius in real space was taken as 1 nm, the
mesh size for the integration in Fourier space was taken as
0.12 nm.19 The calculated partial charges for both ULTEMTM
and EXTEMTM will be published soon in our next paper
accepted in Polymer Science journal.37
The implemented simulation procedure has been already
tested in our previous studies.16–19 It consists of the following stages: (i) creation of the initial non-charged PI
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configurations; (ii) compression until the experimental density is reached; (iii) annealing and equilibration; (iv) introduction of partial charges into the corresponding PI model;
and, finally, (v) cooling down to room temperature.
The PI initial configurations were produced by random
placement of polymer chains in coiled (dumb-bell–like) conformations in a cubic box. The initial volume of the box was
chosen big enough to prevent the chains overlap. The cubic
cell for each simulated system contains 27 PI chains with
polymerization degree n 5 9. For ULTEMTM PI this polymerization degree corresponds to the molecular weights within
the “polymer regime”,38 where the PI Tg only weakly
increases upon the further increase of polymer molecular
weight.
After this initialization the stepwise compression was carried
out at T 5 600 K, namely 1 ns at p 5 50 bar, then 2 ns at
p 5 150 bar, 7 ns at p 5 300 bar, 5 ns at p 5 150 bar, and
finally, 5 ns at p 5 1 bar. The total compression time was
20 ns. The compression procedure was followed by the stepwise annealing, with cooling down from T 5 600–290 K and
heating up back to 600 K, with the temperature step of
50 K. At each temperature step the system allowed to relax
for 2 ns. Such a cooling–heating cycle is repeated three
times,39 afterward the simulation has been performed for
another 10 ns at T 5 600 K.
The used equilibration procedure of the current study closely
follows our previous approach,16–19 where moleculardynamics simulation of R-BAPB and R-BAPS PI have been performed, for polymers with similar molecular weight. In our
articles16–19 the quality of the equilibration has been controlled by measuring the average sizes of the individual macromolecules. In equilibrium the chain sizes, first of all,
fluctuate around some average values, and, second, are very
close to those predicted analytically. The analytical calculations of the individual chain sizes have been carried out using
the formalism of virtual bonds.16,19 About 1.5 ls of equilibration has been spent for R-BAPB and R-BAPS at T 5 600 K,
with zero partial charges. Electrostatic interactions drastically
slow down the interchain translational diffusion, and necessary equilibration time is order of magnitude larger. The
equilibration of ULTEMTM and EXTEMTM requires some modification of the developed technique16–19 and will be discussed
further in section Results and Discussion.
To study the thermophysical properties of the simulated PI
the following approach has been implemented. At the end of
the equilibration the 1 ls production run has been performed. At every 100 ns the microstate of the system (i.e., the
full set of atomic coordinates and atomic velocities) has been
dumped, and the cooling down toward room temperature
was started. In this way 11 cooling MD trajectories has been
obtained. The cooling simulation has been performed stepwise, with T 5 10 K step. Three cooling rates were considered; for each rate a step of cooling was followed by 80, 400,
or 800 ps annealing at each intermediate temperature. The
effective cooling rates of correspondingly 7.5 3 1012 K/min,
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1.5 3 1012 K/min, and 7.5 3 1011 K/min are approximately
10–12 orders of magnitude higher than typical experimental
values, that are still similar to typical cooling rates of other
reported simulations.40–47 The obtained temperature dependencies of density have been averaged over all 11 systems. For
simulated models with electrostatic interactions partial
charges have been assigned to atoms of all 11 systems selected
during the equilibration with zero partial charges. After this
selection the additional equilibration for 100 ns has been carried out, taking into account the full electrostatics, followed by
the cooling procedure just described.
The linear fittings were used for low-T (340–410 K) and
high-T (650–700 K) domains of the density-temperature
curve, and their intersection reveals the simulated Tg. It
should be mentioned that cooling down from 600 to 290 K
leads to a coincidence (within statistical error) of the simulated Tg’s for both PI; and this does not depend on the presence of the atomic partial charges either. Such coincidence
contradicts the important DT 5 30–50 K experimental difference between the two Tg’s. The following explanation of this
disagreement is suggested below. A glass transition normally
takes place in some temperature range with a width of few
tens of K and such region around Tg should be excluded from
the linear fit of density which is used to extract the Tg value.
We can conclude that the temperature interval of 600–290 K
is not sufficient in order to measure correctly the Tg, and
should be extended toward higher initial temperature of 700
K. For this reason the polymer melts were heated up from
600 to 700 K with heating rate of 1.5 3 1012 K/min, then the
melts were equilibrated at this elevated temperature for
50 ns, and cooling down to 290 K has been started with
the cooling rates of 7.5 3 1012 K/min, 1.5 3 1012 K/min, and
7.5 3 1011 K/min. The integration time step was reduced to
1 fs for both heating from 600 to 700 K and cooling from
700 to 290 K, keeping the bonds constrained by LINCS.
RESULTS AND DISCUSSION

The equilibration procedure consists of few stages. Following
our early studies16–19 1 ls equilibration with integration
time step of 2 fs has been carried out at T 5 600 K without
electrostatic interactions (with zero partial charges). At this
stage for each PI the mean-square polymer chain gyration
radius Rg slowly increases (Fig. 2), still remaining below the
analytical estimations16,19 of approximately 3.3 nm and
4.1 nm for ULTEMTM and EXTEMTM, respectively. Moreover,
at this stage the ULTEMTM chain size exceeds that for
EXTEMTM which contradicts theoretical results.
We can roughly conclude that during the initial preparation
stage the conformations of the individual PI chains occur to be
rather far from Gaussian coils. As for any activated process,
the uncoiling of these slightly collapsed conformations
requires transitions over some potential energetic barriers. To
accelerate these transitions the temperature was increased till
T 5 800 K and the integration time step was decreased down
to 1 fs to keep the simulations stable. At this (and only at this)
stage we had also switched off the LINCS algorithm which
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FIGURE 2 Time dependence of the chain mean-square gyration
radius for bulk ULTEMTM and EXTEMTM PI. Each point has
been obtained by averaging over all polymer chains during
20 ns of simulation. The number inside the figure indicates the
temperature at equilibration stages. Stages at T 5 600 K were
implemented with integration step of 2 fs, with LINCSconstrained bonds. Stages at T 5 800 K were performed with
the integration step of 1 fs, without LINCS-constrained bonds.

keeps the covalent bonds constant. Due to the equilibration
carried out in this regime for 1 ls the individual chain dimensions increase significantly (Fig. 2). Finally, the temperature
was decreased down to T 5 600 K, the integration time step
was returned back to 2 fs, and LINCS algorithm was switched
on. This last equilibration stage is carried out for one more
microsecond; during this stage the chain sizes do not change
and fluctuate around some average values of approximately
2.8 and 3.0 nm for ULTEMTM and EXTEMTM, respectively. Note
that the gyration radius for EXTEMTM chain is approximately
8% larger than the corresponding value for ULTEMTM,
supporting qualitatively the analytical calculations. The average values of Rg and the end-to-end distance do not change
notably after introducing the partial atomic charges.

FIGURE 3 Simulated temperature dependence of ULTEMTM
and EXTEMTM density, for models (a) without and (b) with partial charges, obtained by cooling the melts down from 700 to
290 K.

are above or at least not less than the corresponding experiTM
TM
mental results (TgULTEM 5490 K; TgEXTEM 55202540 K).25
Besides this the values of Tg obtained from the simulations
with partial charges are higher than those without partial
charges for the same systems due to enhanced rigidity
caused by electrostatic interactions.

The cooling of both PI models (with and without partial
charges) has been carried out following the algorithm
described in section Model and Simulation Method. The
simulated T-dependencies of the corresponding densities are
shown in Figure 3. These dependencies were linearly fitted
using two temperature intervals, 340–410 K and 650–700 K.
From the intersections of the low-temperature fittings for all
cooling rates with high-temperature fitting for the slowest
cooling rate the values of the glass transition temperature,
Table 1, were calculated.

The change of Tg value is higher for EXTEMTM than for
ULTEMTM with partial charges for all the values of cooling
rate considered. We conclude that, in spite of the presence
of charge polar groups in both PI (in heterocycles, or in

The analysis of the data in Table 1 shows that our simulations demonstrate a correct cooling rate dependence of Tg: it
decreases with decrease in cooling rate (in the case of
ULTEMTM with partial charges, Tg value remains the same
within an error of several Kelvins). Besides this all simulated
values of Tg (either with or without partial charges)

TgULTEM

WWW.MATERIALSVIEWS.COM

TABLE 1 Simulated Values of the Glass Transition Temperature
for Both PI
Cooling
Rate
TM

7.5 3 1012
K/min

1.5 3 1012
K/min

7.5 3 1011
K/min

539/552

525/536

523/544

TgEXTEM

561/597

544/575

524/556

DTg

22/45

19/39

1/12

TM

The values of Tg for the systems without/with partial charges are given
TM
TM
with a slash. DTg 5TgEXTEM 2TgULTEM .
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ether bridges) the influence of the sulphone group is much
higher, and is mainly responsible for the different thermophysical properties of these two polymers. Note that in our
recent studies the similar effect was observed for R-BAPS PI
which, as in the case of EXTEMTM, contains highly polar sulphone group. For R-BAPS model melt the Tg values were
much higher when electrostatic interactions (and partial
charges of sulphone group) have been taken into account.
It should also be noted that with full electrostatics the simulated EXTEMTM Tg is well above that for ULTEMTM. Exactly
this difference is shown in experiment. We conclude that,
again, it is electrostatics which is mainly responsible for
much higher glass transition temperature for EXTEMTM PI.
The computer simulations of the glass transitions in two
PI reveal the results which agree qualitatively with the
existing experiments. Nevertheless this agreement should
be further confirmed; the Tg value depends on the cooling
rate, and no one can guarantee that this cooling-rate
dependence is the same for different PI. The coefficient of
polymer thermal expansion (CTE) represents more universal
characteristic which does not depend on the cooling rate. In
the present study the CTE has been calculated using the
temperature dependencies of density shown in Figure 3. As
in experiment, the temperature interval from 300 to 430 K
has been used for these calculations. The data in Table 2
shows that the simulated CTE values are very close to the
experimental results. They do not depend on the magnitude
of the simulated cooling rate, in agreement with our previous simulations.18
In addition, we can conclude that the electrostatic interactions in the EXTEMTM model lead to much better agreement
between simulated and experimental values of CTE.
Density is another physical characteristic which can be
used to compare simulations and experiments. The known
experimental values of density at room temperature are 1270
kg/m3 for ULTEMTM and 1300 kg/m3 for EXTEMTM,26–28 the
corresponding simulated values at T 5 290 K are 1320 kg/m3
for ULTEMTM and 1340 kg/v3 for EXTEMTM (Fig. 3). The simulations give slightly higher values for both PI, the ULTEMTM density is about 20 kg/m3 lower, which is also in agreement with
experiment. The density is slightly higher for models with partial charges and electrostatic interactions due to some structural
rearrangements caused by dipole–dipole interactions. The den-
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sity curves for the same system obtained upon cooling with
lower rate are above those obtained with higher rate, demonstrating an expected behavior.
It was shown earlier that the electrostatic interactions
strongly influence the thermophysical properties of
EXTEMTM, and are of less importance for ULTEMTM. The only
difference in chemical structure of two PI is the existence of
strongly polarized sulphone group in EXTEMTM monomer
unit. We suggest that the structural changes due to the presence of this group are mainly responsible for different thermophysical characteristics. As suggested in ref. 20, the
sulphur–sulphur pair correlation function has been calculated in the present study at T 5 700 K for EXTEMTM, in
order to check these structural changes (Fig. 4).
It is clearly seen that at small distances, below 1.5 nm, the
electrostatic interactions lead to few maxima in this function.
These picks reflect some local structuring of sulphone
groups. Earlier it was reported that some clustering of sulphone groups is taking place if the partial charges are calculated by AM1 method.19 Most probably the clustering of
sulphone groups is not present here, otherwise the strong
(and the only) first maximum at very small distances should
be observed in Figure 4.
At the same time pair radial distribution functions for carbon
atoms of aromatic rings are very similar for both systems,
with and without partial charges (Fig. 5). Two well-recognized
peaks may correspond to the formation of intermolecular contacts between aromatic rings due to p-stacking.
CONCLUSIONS

The presented computer simulations of two thermostable PI,
ULTEMTM and EXTEMTM, reproduce qualitatively the higher
value of Tg for EXTEMTM, confirming the existing experimental
data. It was shown that this agreement can be reached only by
taking into account two factors. First of all, the simulated temperature range should be broaden, and the cooling down

TABLE 2 Coefficients of Thermal Expansions Simulated by
Cooling the PI Down from 700 K, and Measured in a Temperature Range 300–430 K

644

Without Partial
Charges, 1024 1/K

With Partial
Charges,
1024 1/K

Experiments,
1024 1/K

ULTEMTM

2.0

1.4

1.724

EXTEMTM

2.0

1.4

1.525
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FIGURE 4 Pair radial distribution function gS-S(r) of sulphur
atoms located at a given distance r from each other for bulk
EXTEMTM at T 5 700 K.
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should be started from higher temperatures. This allows using
the linear fit of T-dependence of density exploring larger temperature intervals, and excluding the glass-transition zone
with strong non-linear density T-dependence. In the present
simulations the initial PI melt temperature was shifted from T
5 600 to 700 K, and the cooling stops at T 5 290 K. We have
also shown that the presence of the electrostatic interactions
lead to much better agreement with existing experimental
data. It is electrostatic interactions which finally responsible
for the changes in thermophysical properties of PI upon the
modification of their chemical structure by introducing the
polar groups. The accompanying changes of flexibility and specific volume influence the thermophysical properties much
weaker. As a consequence of strong electrostatic interactions
between polar groups, some local structural ordering of PI
fragments takes place.
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