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INTRODUCTION

Aromatic polyimides (PIs) belong to the class of
thermostable polymers that have found wide use in
numerous fields of modern engineering [1]. However,
the industrial production of polyimides is restrained
because the processing of these materials into articles
is problematic. These polymers are typically unmelt�
able and insoluble in the most commonly used organic
solvents. The emergence of the subgroup of poly(ether
imides)—polymers that are capable of being pro�
cessed from melt and in which imide aromatic groups
are separated from each other by ether bonds—in the
PI class is a significant advance in the chemistry and
technology of condensation polymers [2–4]. The
industrial fabrication of poly(ether imide) (ULTEM®)
was launched by the General Electric Company in
1986 on the basis of studies of a number of poly(ether
imides) [5, 6]. Today, this poly(ether imide) is in wide
use in the engineering and electronic industries as well
as in aircraft and space engineering. In 2007, General
Electric produced a new poly(ether imide)
(EXTEM®) with a higher glass�transition tempera�
ture: For ULTEM®  (218°C) [7], whereasg K491T =

for EXTEM®,  (267°C) [8] (Table 1). Fur�

thermore, EXTEM® features exceptional size stability,
high strength, rigidity, high�temperature creep resis�
tance, and incombustibility [9]. The production rights
for this polymer currently belong to the company
SABIC Innovative Plasticstm.

Although the polyimides ULTEM® and EXTEM®

have identical dianhydride fragments in the struc�
tural formulas of their repeating units, the struc�
tures of diamine fragments in these polymers are
different [9].

g K540T =
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Table 1. Comparison of the experimental glass�transition tem�
peratures obtained from the QSPR analysis and computer
simulation results

Polymer
Tg, K

Experiment QSPR Simulation

R�BAPB 477 according to [22] 468.7 472–476

R�BAPS 490 according to [22] 516.4 494–496

ULTEM 491 according to [7] 493.3 –

EXTEM 540 according to [8] 538.5 –
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In the diamine fragment of EXTEM®, there is an
SO2 hinge group between benzene rings. This modifi�
cation is responsible for a considerable difference in
the thermophysical characteristics of ULTEM® and
EXTEM® [7, 8, 10].

The wide application of ULTEM® and EXTEM®

polyimides makes it necessary to elucidate the effect of
insertion of the heteroatomic SO2 group into the
diamine fragment of the repeating PI unit on the frag�
ment’s structural, thermophysical, and mechanical
properties. This knowledge will enable fabrication of
similar materials with enhanced properties that are
based on other monomers.

QSPR ANALYSIS

A wide range of characteristics of ULTEM® and
EXTEM® were compared via the QSPR (Quantitative
Structure–Property Relationships) analysis of the
chemical structures of repeating units with the use of
the SYNTHIA module (Material Studio 5.5 software
package) [11]. This analysis makes it possible to assess
the properties of block amorphous homopolymers on
the basis of structural formula of their repeating units.
The relevant data are summarized in Table 2. It is clear
that the insertion of sulfur and oxygen heteroatoms
into the diamine component of the repeating
EXTEM® unit results in a considerable alteration in
the density, the glass�transition temperature, and
other characteristics. However, some characteristics
remain unchanged. Thus, QSPR analysis demon�

strates that thermal conductivity and the Poisson coef�
ficient remain invariable.

A comparison of the glass�transition temperature
(Table 1) obtained via the QSPR analysis with the
known experimental data [7, 8] for ULTEM® and
EXTEM® provides good agreement, which attests to
the significance of these predictions. However, the
QSPR analysis cannot explain the mechanism of
changes in physical properties of ULTEM® as com�
pared to EXTEM®; i.e., when a hinge group contain�
ing sulfur and oxygen heteroatoms is inserted into the
diamine PI unit. In this study, an attempt was made
not only to ascertain this mechanism on the basis of
atomistic computer simulation of other polyimide
thermoplastics that can be used to produce new ther�
mostable composites but also to validate this simula�
tion through comparison of the results with experi�
mental data.

SYNTHESIS

PIs based on 1,3�bis(3',4�dicarboxyphenoxy)ben�
zene (dianhydride R) and diamines of two types—
4,4'�bis(4''�aminophenoxy)biphenyl sulfone (BAPS
diamine) and 4,4'�bis(4''�aminophenoxy)biphenyl
(BAPB diamine)—were selected as thermoplastic
polyimide matrices that can be processed via melt
technology (extrusion, casting). These PIs were devel�
oped at the Institute of Macromolecular Compounds
of the Russian Academy of Sciences [12–22] and were
selected, first, owing to the high potential of their use
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as thermoplastic binding agents for composite materials
[12–21] and, second (as in the case of the ULTEM®–
EXTEM® pair) owing to the possibility of studying the
effect of the SO2 group in the diamine fragment of the
repeating unit of the R�BAPS polyimide on its struc�
tural, thermophysical, and mechanical properties rela�
tive to the effect of the SO2 group in the diamine frag�
ment of the repeating unit of the R�BAPB polyimide on
its structural, thermophysical, and mechanical proper�
ties. An additional advantage of R�BAPB is that it can
crystallize. However, only amorphous samples were
investigated in this study.

R�BAPS and R�BAPB polyimides were prepared
via the conventional two�stage procedure [1]. At the
first stage, the poly(amido acid) is formed in an
N�methylpyrrolidone (MP) solution. A stoichiomet�
ric amount of 1,3�bis(3',4�dicarboxyphenoxy)ben�
zene dianhydride was added to a stirred solution of
4,4'�bis(4''�aminophenoxy)biphenyl sulfone or to a
solution of 4,4'�bis(4''�aminophenoxy)biphenyl at
20°C. The concentration of the poly(amido acid)
solutions was 20 wt %; the duration of synthesis in MP
was 4 h. The solution of the poly(amido acid) was
applied onto a glass substrate to obtain film samples
after drying (80°C, 12 h). The imidization of film sam�
ples of poly(amido acids) was performed via heating to

280°C with an exposure time of 30 min at 100, 120,
160, 200, 250, and 280°C.

THEORETICAL ASSESSMENT 
OF THE FLEXIBILITY OF R�BAPB 

AND R�BAPS MOLECULES

As was demonstrated in [12–22], R�BAPB and
R�BAPS are exceptionally promising for the design of
polymer composites (including nanocomposites) via
melt technology. The difference in the structures of the
repeating units of R�BAPB and R�BAPS polyimides
(similar to that in the case of ULTEM® and EXTEM®) is
that the diamine fragment of R�BAPS contains the SO2
hinge group. However, unlike in the case of EXTEM® the
number of benzene rings in the diamine component
remains unchanged in R�BAPS relative to R�BAPB.
This chemical modification of the repeating unit of R�
BAPB, which should have facilitated an increase in the
flexibility of the PI chain and a decrease in the glass�tran�
sition temperature, results in this case in an increase in
the glass transition temperature, as was observed experi�
mentally (Table 1).

In addition, the physical properties of the selected
PIs were preliminarily assessed through the QSPR
analysis (Table 2). For both ULTEM® and R�BAPB,
the addition of the SO2 hinge group into the diamine

Table 2.  Some physical characteristics of PIs at room temperature (290 K) obtained from the data of the QSPR analysis
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R�BAPB 5882 734.7 34.0 468.7 211.1 0.2 3.22

R�BAPS 6394 798.8 34.6 516.4 192.8 0.2 3.50

ULTEM® 4746 592.6 23.4 493.3 201.2 0.2 3.23

EXTEM® 5866 732.8 28.6 538.5 185.3 0.2 3.46

Polyimide
Bulk

modulus,
GPa

Shear
modulus,

GPa

Young’s
modulus,

GPa

Poisson
coefficient

Average Mw
of the polymer

between entangle�
ments

Average polymer 
length between

entanglements, Å

Average polymer 
length between
entanglements 

(number
of repeating units)

R�BAPB 5.412 1.035 2.918 0.41 2095 96.85 2.85
R�BAPS 6.107 1.191 3.355 0.41 2289 99.14 2.87
ULTEM® 5.492 1.163 3.258 0.40 2583 102.14 4.36
EXTEM® 6.083 1.282 3.592 0.40 2634 102.72 3.59

Note: * The parameter values in the numerator and denominator are given at 290 and 298 K, respectively.
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fragment clearly results in similar changes. A more
thorough analysis of the mechanical properties and
other data obtained via the QSPR analysis will be the
subject of forthcoming papers.

As was shown by the QSPR analysis (Table 2), the
flexibility of PIs examined in terms of the mean value
of monomer units between entanglements is in fact
identical for R�BAPB and R�BAPS, although in the
latter case this value decreases slightly.

In order to assess the flexibility of R�BAPB and
R�BAPS polyimides, their persistence lengths were
analytically calculated [23]. The models of the repeat�
ing PI unit in conformations corresponding to the
intramolecular�energy minimum for R�BAPS and
R�BAPB, which were calculated via the AM1 semi�
empirical quantum�chemistry method, are given
below.

The persistence length was calculated through the
following formula [24]:

, (1)

where  and  is transposed li.

In Eq. (1),  is defined as

(2)

where θi is the angle between the i + 1 and i bonds,
around which rotation occurs, and ϕi is the torsion
angle of the i bond (ϕi = 180° corresponds to the trans
conformation).

The virtual bonds for two PI molecules were deter�
mined as shown below.
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Table 3.  Virtual�bond lengths and valence angles in R�BAPS (Here and in Tables 4–6, i is the order number of a virtual bond.)

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14

l 4.67 1.39 2.79 2.79 1.39 4.67 1.41 4.19 1.38 4.47 4.47 1.38 1.397 4.21

θ° 154.2 117.2 120 117.2 154.2 171.5 178.2 121.2 179 101.3 178.7 117.2 174.4 171.3
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The bond lengths and valence angles were
assumed to be constant. Their values were derived
from the data on conformations of molecular frag�

ments consisting of two repeating units (Tables 3 and
4) and calculated via the AM1 semi�empirical quan�
tum�chemistry method.

R�BAPS

ϕ1 = 0
ϕ2 ϕ3 ϕ4 ϕ5

ϕ6 = 0
ϕ7 ϕ8

ϕ9

ϕ10
ϕ12

ϕ13

ϕ11

ϕ14

R�BAPB

ϕ1 = 0
ϕ2 ϕ3 ϕ4 ϕ5

ϕ6 = 0 ϕ7 ϕ8

ϕ9

ϕ10 ϕ11

Table 4.  Virtual�bond lengths and valence angles in R�BAPB

i 1 2 3 4 5 6 7 8 9 10 11

l 4.67 1.39 2.79 2.79 1.39 4.67 1.41 4.19 9.81 1.39 4.21
θ° 154.3 117.2 120 117.2 154.3 171.2 177.4 123.7 121.16 173.6 171.4

Table 5.  The lengths of persistence vectors for R�BAPS

i 0 1 2 3 4 5 6 7 8 9 10 11 12 13

ai, Å 12.7 8.9 4.7 7.3 9.1 13.7 14.4 9.9 8.5 8.3 6.9 12.3 7.8 14.1

Note: The mean length 〈ai〉 = 9.9 Å.

Table 6.  Persistence�vector lengths for R�BAPB

i 0 1 2 3 4 5 6 7 8 9 10

ai, Å 13.1 9.4 5.2 8.3 11.1 18.1 19.7 15.2 13.8 17.3 14.4

Note: The mean length is 〈ai〉 = 13.2 Å.
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For the polymer chain with independent rotations
around neighboring bonds, the mean product of matri�
ces in formula (1) is the product of averaged matrices:

 = (3)
It follows from the symmetry condition for all the

bonds that  = 0. Then, the transition matrix
appears as follows:

(4)

If rotations around certain neighboring bonds (n
and n + 1 bonds) are interdependent, the calculation
procedure is different:

 = (5)

In order to obtain the mean values, it is necessary to
know the statistical weight matrix that can be derived
from the calculated data on conformational energy as
a function of internal rotation angles.

The persistence lengths of R�BAPS and R�BAPB
polyimides were calculated under the assumption that
rotations around bonds are free and independent.

The value of the persistence length calculated
through formula (1) depends on the choice of initial
bond i. If the zero bond (bond 14 for the first polymer
and bond 12 for the second polymer that are statistically
equivalent to the zero bonds due to chemical periodic�
ity) is taken as the initial one, the persistence�length
vector (the persistence vector), for example, for R�
BAPS in case of independent rotations, is determined
via the following relationship:

(6)

where  ×
 and  =  +  +  +

… + .  and  are determined as the
effective transformation matrix and the effective bind�
ing vector, respectively; and  is the unit matrix.

If the first bond is used as the initial bond, the cal�
culation procedure is similar:

 (7)

The calculated data are listed in Tables 5 and 6.
Allowance for the relationship between rotations

the around the near�hinge bonds resulted in a cer�
tain gain in their persistence lengths. This gain is
equal for both PIs. In both cases, the correction is
less than 1 Å.

1 1i i jTT T
+ −

〈 〉… 1 1i i jT T T
+ −

〈 〉〈 〉 〈 〉…

sin i〈 ϕ 〉

cos sin 0

sin cos cos cos 0

0 0 cos

i i

i i i i i

i

T

− θ θ⎛ ⎞
⎜ ⎟〈 〉 = − θ 〈 ϕ 〉 − θ 〈 ϕ 〉
⎜ ⎟⎜ ⎟〈 ϕ 〉⎝ ⎠

1 1i i jTT T
+ −

〈 〉… 1 1 1i i n n jT T T T T
+ + −

〈 〉〈 〉 〈 〉 〈 〉… …

= + 〈 〉 + 〈 〉〈 〉 + + 〈 〉 〈 〉

+ 〈 〉 〈 〉 + 〉 + 〈 〉〈 〉

+ + 〈 〉 〈 〉 +

= + + +

… …

…

… … …

…

0 0 0 1 0 1 2 0 12 13

0 13 0 0 1 0 1 2

0 12 13

2
0 0 0

(

)

( ) ,

a l T l T T l T T l

T T l T l T T l

T T l

E M M L

0 0 1 2 3 4 5 6 7 8 9M T T T T T T T T T T= 〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉

10T〈 〉 11 12 13T T T〈 〉〈 〉〈 〉 0L 0l 0 1T l 0 1 2T T l

0 12 13T T l… 0M 0L

E

2
1 1 1 1

1 1 2 3 4 5 6 7 8 9 10

11 12 13 0

1 1 1 2 1 2 3 1 13 0

( )a E M M L

M T T T T T T T T T T

T T T T

L l T l T T l T T l

= + + +

= 〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉〈 〉

× 〈 〉〈 〉〈 〉〈 〉

= + 〈 〉 + 〈 〉〈 〉 + + 〈 〉 〈 〉

…

… …

Thus, the above data make it possible to conclude
that R�BAPB and R�BAPS polyimides possess almost
the same flexibilities, while insertion of the SO2 hinge
group into the diamine fragment results only in an
insignificant increase in the flexibility of R�BAPS rel�
ative to that of R�BAPB (~20%).

As follows from the structure of the repeating
unit, the presence of sulfur and oxygen heteroatoms
in the diamine component of EXTEM® cannot
cause a reduction in the persistence length of
EXTEM® relative to that of ULTEM® but facilitates
a noticeable change in physical characteristics. The
character of these changes is identical for the
ULTEM®–EXTEM® and R�BARB–R�BAPS
pairs.

Therefore, the alteration of physical characteris�
tics of PIs during insertion of the SO2 hinge group
containing sulfur and oxygen heteroatoms into the
diamine fragment is most likely not associated with
a change in the flexibility of the polymer chain.

ALL�ATOM COMPUTER SIMULATION

An all�atom computer simulation using the Gro�
macs software package was performed in order to elu�
cidate what factor determines the difference between
the thermophysical and mechanical parameters of
R�BAPB and R�BAPS [25, 26].

The model block samples of R�BAPB and R�BAPS
are cubic cells with periodic boundary conditions. A
cell contains 27 polymer chains consisting of 8 repeat�
ing units. Hydrogen atoms are linked to chain ends.
The systems under consideration have the following
parameters.

As was shown in [19], the critical number�average
molecular mass, at which the transition from the oligo�
mer to the polymer is observed, is  ~ 6000 ~ 6000.
(This value corresponds to weight�average molecular
mass  ~ 18 000 at a polydispersity of ~3; at this num�
ber�average molecular mass, the character of the
dependence of viscosity on  changes.) This circum�
stance determined the selection of the degree of poly�
merization of macromolecules during simulation.

The Gromos 53a6 force field was used to describe
interactions in the system [27]. The potential energy of
the system in this case is composed of the energy of bond
expansion, the energy of deformation of valence and
torsion angles, and the terms for bulk and electrostatic
interactions. The LINCS algorithm [28] was used to
maintain the specified bond lengths, valence and torsion

Polymer R�BARB R�BAPS

Number of repeating units per chain 8 8
Number of atoms in the chain
consisting of eight repeating units

658 682

Number of chains in the system 27 27
Number of atoms in the system 17766 18414

nM

wM

wM
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angles; the PME method [29, 30] was used to allow for
electrostatic interactions. During calculation of electro�
static interactions, the cutoff radius for electrostatic
interactions, , in the real space was set to 1 nm, while
the lattice increment for summing in the Fourier space
was taken to be 0.12 nm. Partial charges of atoms in
monomeric units were calculated through the AM1
semi�empirical method [31–33].

The simulation was performed in the NPT ensem�
ble. A Berendsen thermostat and a Berendsen barostat
with time constants of τT = 0.1 ps and τp = 0.5 ps,
respectively, were used to maintain a constant tempera�
ture and a constant average pressure in the system [34].

Note that the calculated characteristics of block PIs
depended on the initial configuration. Under certain
initial conditions, it was difficult to mix polymer chains;
therefore, the simulated samples were much different

from the experimental amorphous samples. The maxi�
mum degree of mixing was achieved via the following
method for formation of the initial configuration of
polymer matrices. A partially folded conformation
(mace�shaped) was selected as the initial conformation
of the PI molecule. The genconf software (the Gromacs
software package) was used to almost equidistantly
place 27 of these molecules into a sufficiently large
cubic cell. Each polymer chain was rotated in space by
a randomly selected angle. The cell volume was selected
so that the chains did not overlap during generation of
the initial configuration. The generated systems were
subsequently equilibrated via several stages. The initial
configuration of a single molecule of R�BAPS and the
cell composted of these molecules prior to compression
are shown below as an example.

The system with the rarefied polymer was subjected
to compression through a gradual increase in pressure.
During the first simulation series for 1 ns, the system

was simulated at an average pressure of 50 bar. The
subsequent simulation was conducted at 150 bar for
2 ns and at 300 bar for 7 ns. The pressure was then

Cr
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reduced, and the system was simulated for 5 ns at an
average pressure of 150 bar. Finally, the system was
simulated for 5 ns at a pressure of 1 bar. After compres�
sion (the total duration was 20 ns), the polymer
annealing was conducted by analogy with [35]. During
annealing, the temperature was gradually decreased
from Tmax = 600 K to Tmin = 290 K with an increment
of 50 K. The maximum annealing temperature was
selected under the assumption that it is higher than the
glass�transition temperature by ~100 K (an even
higher increase in Tmax complicates the simulation of
the system because thermal degradation of the sample
becomes possible), when the glass�transition temper�
ature is independent of Tmax [36]. After each variation
in temperature, the system was simulated for 2 ns.
When the temperature of the system was reduced to
Tmin, the stepwise heating of the system to Tmax was
performed. During the annealing, the cooling–heat�
ing cycle was repeated three times. The total duration
of the annealing was 78 ns; the total duration of the
entire procedure of generation of the initial simulation
cell was 98 ns. After completion of annealing, the sam�

0.2

Time, ns

0.6

2

2 4

〈ρ(0)ρ(t)〉/〈ρ2〉

1.0

0

1

Fig. 1. Time dependence of autocorrelation function of den�
sity  of the R�BAPS sample at 600 K. The calculated
relaxation times are (1) τ1 ~ 0.0015 and (2) τ2 ~ 2.2 ns.
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(c)1360

Fig. 2. Temperature dependence of block PI samples during cooling at rates of  = (1) 5 × 10⎯3 K/ps and (2) 5 × 10⎯4 K/ps for
(a) R�BAPB and (b, c) R�BAPS; Tg = (b) 496 and (c) 494 K.

γ
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ple was simulated for another 10 ns at 600 K. After
that, the system was considered to be equilibrated.
(The total simulation time from the initial configura�
tion of the system to the final configuration was 108 ns.)

In order to assess the characteristic time required to
attain the equilibrium state of the system, autocorrela�
tion functions  of the density of the system were
calculated:

, (8)

where  is the density of the system at time t and

 is the average density of the system during simu�
lation.

An analysis of the time dependence of the autocor�
relation function showed that, for density fluctuations
of the PI block samples, two relaxation processes were
observed with characteristic times of ~1.5 ps and 2–
5 ns, respectively. (In Fig. 1, the  dependence for
the R�BAPS sample at 600 K is shown as an example.)
Thus, the total time of system equilibration was two
orders of magnitude higher than the maximum char�
acteristic time of density fluctuation. This finding
makes it possible to consider that the resulting samples
are equilibrated and to use them as initial configura�
tions for further simulation and calculation of the
glass�transition temperature and the volumetric�
expansion coefficients.

RESULTS AND DISCUSSION

Glass�Transition Temperature

In order to calculate glass�transition temperatures
Tg of block samples of the R�BAPB and R�BAPS
polyimides, they were cooled from the temperature of
600 K, at which PIs are in the plastic state. In order to
gain insight into the effect of the rate of cooling on the
glass�transition temperature, the equilibrated polymer
melt was gradually cooled at two rates differing by an
order of magnitude. The temperature was successively
reduced by 10 K at each stage, and the polymer was
equilibrated prior to the subsequent reduction in tem�
perature for 2 or 20 ns. These values correspond to
effective cooling rates of γ = 5 × 10–3 K/ps and γ =
5 × 10–4 K/ps, respectively. The temperature depen�
dence of the average density of the samples at each
cooling step is shown in Fig. 2. The resulting depen�
dences contain two regions where the density is
directly proportional to temperature. At low tempera�
tures, the linear region corresponds to the glassy state
of PIs, whereas at higher temperatures, it corresponds
to the melt. The point of intersection of the lines
obtained through approximation of linear regions via
the least�squares method corresponds toTg at a certain
cooling rate.
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Fig. 3. The experimental DSC data used to determine
the glass�transition temperatures of (1) R�BAPB and
(2) R�BAPS polyimides; M ~ 30 × 103 g/mol, and Tg=
(1) 199.3 and (2) 213.5°C.
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Fig. 4. Temperature dependences of the volume of the
block PI sample according to computer�simulation data
(the cooling rate  = 5 × 10–4 K/ps) for (a) R�BAPB and
(b) R�BAPS.
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The calculated glass�transition temperatures are
given below for both PIs at two cooling rates. In order to
estimate the error in determining Tg, a linear approxi�
mation was performed above and below the glass�tran�
sition temperature with the use of various numbers of
points. The following values of Tg were obtained.

Method of determining Tg R�BAPB, K R�BAPS, K

Simulation at a cooling rate
of 5 × 10–3 K/ps

471 ± 2 496 ± 3

Simulation at a cooling rate
of 5 × 10–4 K/ps

475 ± 2 494 ± 3

Experimental values based
on the DSC data

472.5 486.7

QSPR values obtained
on the basis of the QSPR analysis

468.7 516.4

The data obtained are in good agreement with
those obtained in [22] for R�BAPB (Tg = 477 K) and
R�BAPS (Tg = 490 K) as well as with the recent
experimental data based on DSC results (for samples
with Mn ~ 15 000 g/mol, which is higher than Mw of
the polymers investigated via computer simulation;
Fig. 3).

The glass�transition temperature of a polymer is
known to depend on the rate of cooling. The relation�
ship between these parameters is determined by the
following equation [37–39]:

, (9)

where T0 is the glass�transition temperature at an infi�
nitely low cooling rate and A and B are empirically
determined coefficients.

In our case, the Tg values obtained at different
cooling rates differ slightly (within the limits of
error). Meanwhile, the value calculated on the basis
of the results of simulation of Tg is in good agree�
ment with the experimental data presumably
because, for the investigated systems, the second
item in Eq. (9) is small and changes insignificantly
with the cooling rate. Similar results were obtained
for BPDA/134APB polyimides, for which the Tg val�
ues obtained for a cooling rate much higher than the
experimental cooling rate coincided with the exper�
imental data [35].

( )
( )

0
log

g
BT T

A
γ = −

γ

Table 7. Volumetric�thermal�expansion coefficients β for
block samples of R�BAPB and R�BAPS polyimides

Polymer

β value, K–1

Glassy state
Melt (computer 

simulation)QSPR
analysis

Computer
simulation

R�BAPB 2.111 × 10–4 1.63 × 10–4 5.49 × 10–4

R�BAPS 1.928 × 10–4 1.81 × 10–4 2.92 × 10–4

1
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2

1 2

gS(r)

5

0

1

r

Fig. 5. Pairwise radial distribution function  of sulphur atoms at 600 K for (1) R�BAPS and (2) R�BAPSneutr samples. S( )g r
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Thermal�Expansion Coefficients Above and Below
the Glass�Transition Temperature

Volumetric�thermal�expansion coefficients  of
PIs in the glassy and melted states were calculated
through the following relationship:

, (10)

where V is the sample volume and  is the

change in the volume of the system after heating by
dT degrees at a constant pressure. Changes in the
volume of the sample after temperature variation
were determined from the slope of linear regions of
temperature dependences of the volume of the sam�
ple obtained during simulation (Fig. 4). Volume V in
Eq. (10) corresponds to the volume of the system at
the initial point (at the minimum temperature) of
the corresponding linear regions. The calculation
results are listed in Table 7. Coefficients β for the
both PIs in the glassy state are in close agreement
with the data calculated via the QSPR method
(Table 1).

Thus, the results of the computer simulation are
in agreement with the available experimental data
and the QSPR analysis, whereas the values of the
glass�transition temperature obtained via simula�
tion describe the experimental data with a higher
accuracy than the results of the QSPR analysis.

Association of S and O Heteroatoms 
in the Sulfone Group

In order to understand the molecular mecha�
nism of variation in the properties of PIs after inser�
tion of the SO2 hinge group into the diamine com�
ponent of PI, the distribution of sulfur and oxygen
atoms in this group over the PI sample was studied.
The image of a typical instantaneous configuration
of the R�BAPS sample at 600 K obtained through
computer simulation is shown in Fig. 4a. Because
the partial charges of sulfur and oxygen within the
SO2 group are higher than those of the remaining
atoms, i.e., QS = 2.9 and QO = –0.94 (the situation
may be different if partial charges are calculated
through another method), these atoms tend to form
associates, which can be clearly identified in the
images of typical instantaneous configurations of
R�BAPS and R�BAPSneutr samples at 600 K (see
below). Light gray and dark gray balls represent sul�
fur and oxygen atoms within the SO2 group.

β

( )1

p

dV
V dT

β =

( ) p
dV dT

In order to confirm that electrostatic interactions
between sulfur and oxygen atoms are responsible for
the observed change in the properties of PIs after
insertion of the SO2 hinge group, an additional simu�
lation of the R�BAPS block sample was performed at
zero values of partial charges on all the atoms. The R�
BAPSneutr sample was newly generated through the
procedure described above for charged R�BAPB and
R�BAPS samples. No associates composed of sulfur
and oxygen atoms that are related to the presence of
SO2, groups in the R�BAPSneutr sample were observed
in the images.

R�BAPS

R�BAPSneutr
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Thus, in order to confirm the presence of associating
sulfone groups in the R�BAPS sample and their absence
in the R�BAPSneutr sample, pairwise distribution func�
tions  for sulfur atoms were calculated. The value of
the  function is associated with the probability of
finding a sulfur atom at distance r from another sulfur
atom. The appearance of pairwise distribution func�
tions  in the R�BAPS and R�BAPSneutr samples
(Fig. 5) attests to the existence of these associates. The
pattern of correlation function  in the absence of
partial charges for the R�BAPSneutr sample is typical of
the melts and is characterized by a single maximum.
In the presence of partial charges, the first maximum
of correlation function  shifts toward lower values
and is sharper. Moreover, the next maxima emerge.

CONCLUSIONS

The theoretical and experimental studies and all�
atom computer simulation of the block samples of
R�BAPB and R�BAPS polyimides has shown that the
presence of the sulfone group in the diamine compo�
nent of the repeating unit of the R�BAPS polyimide
holds significance. The QSPR analysis turned out to
be an efficient tool for the qualitative prediction of
comparative variation in the properties of PIs in the
glassy state after insertion of the sulfone group into the
diamine component of the repeating unit. The all�
atom computer simulation using the molecular
dynamics method makes it possible not only to calcu�
late the glass�transition temperature and the coeffi�
cients of volumetric thermal expansion of the block PI
samples, which are in good agreement with the avail�
able data, but also to propose the molecular mecha�
nism determining changes in the properties of PIs after
modification of the diamine fragment of the repeating
unit with the sulfone group.

The computer simulation in this study was per�
formed with the use of the resources of the computer
cluster of the Institute of Macromolecular Com�
pounds, Russian Academy of Sciences, and the Che�
byshev and Lomonosov supercomputers at Moscow
State University. The QSPR analysis was performed
with the Material Studio 5.5 software package at the
Computer Research Center of Moscow State Univer�
sity.
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