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Abstract: Using molecular dynamics, a comparative study was performed of two pairs of
glassy polymers, low permeability polyetherimides (PEIs) and highly permeable Si-containing
polytricyclononenes. All calculations were made with 32 independent models for each polymer.
In both cases, the accessible free volume (AFV) increases with decreasing probe size. However,
for a zero-size probe, the curves for both types of polymers cross the ordinate in the vicinity of
40%. The size distribution of free volume in PEI and highly permeable polymers differ significantly.
In the former case, they are represented by relatively narrow peaks, with the maxima in the range of
0.5–1.0 Å for all the probes from H2 to Xe. In the case of highly permeable Si-containing polymers,
much broader peaks are observed to extend up to 7–8 Å for all the gaseous probes. The obtained size
distributions of free volume and accessible volume explain the differences in the selectivity of the
studied polymers. The surface area of AFV is found for PEIs using Delaunay tessellation. Its analysis
and the chemical nature of the groups that form the surface of free volume elements are presented
and discussed.

Keywords: polyetherimides; Si-containing polytricyclononenes; molecular dynamics simulation;
free volume size distribution; surface of free volume elements

1. Introduction

During the last decade, atomistic modeling using molecular dynamics (MD) [1,2] has become an
efficient tool for the elucidation and prediction of various properties of polymers and, in particular,
potential and applicable materials for gas and vapor separation membranes. Free volume and size
distribution of free volume elements (FVEs) [3–6], energy barriers of inner rotation of the main
chains [4,7,8], gas diffusion, solubility and permeability coefficients in polymers [3,5,7,9], gas and
vapor sorption isotherms [10–12] can all be evaluated and predicted by MD in polymers with various
chemical structures.

A typical approach in such studies is an investigation of a group of polymers that belong to the
same class and have similar properties. Thus, polyimides, an important class of membrane materials,
have been extensively studied [5,8,10,12–14]. On the other hand, high free volume, highly permeable
polymers have attracted great attention [4,7,15]. Very rarely have highly permeable and low permeability
polymers been evaluated jointly in a single work using the same technique of calculation (the research
by Hofmann et al. [3] is a rare exception).

Computation 2019, 7, 27; doi:10.3390/computation7020027 www.mdpi.com/journal/computation

http://www.mdpi.com/journal/computation
http://www.mdpi.com
https://orcid.org/0000-0002-1696-3042
https://orcid.org/0000-0001-7883-8119
http://dx.doi.org/10.3390/computation7020027
http://www.mdpi.com/journal/computation
https://www.mdpi.com/2079-3197/7/2/27?type=check_update&version=3


Computation 2019, 7, 27 2 of 14

In this work, we compare the results of atomistic modeling using the molecular dynamics o four
glassy polymers with different properties. Two of them are polyetherimides (PEIs), whose structure is
shown in Table 1. It can be seen that they have the same dianydride moiety but different diamines.
Another pair is represented by isomeric, highly permeable polytricyclononenes containing two SiMe3

groups attached to the main chain differently (Table 1). A detailed study of the latter has already been
performed [15]. Some properties of these polymers are compared in Table 2. It shows a dramatic
variation in the properties of glassy polymers depending on their chemical structure.

Table 1. Structure of the polymers studied.
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Table 2. Properties of glassy polymers. 

Parameter Ultem [16–19] PEI-304 [20–24] PTCNSi2v [25] PTCNSi2g [26] 
Density, g/cm3 1.28–1.30 1.37 0.81 0.853 

FFV, % 10.8–12.1 9.2–10.0 34.9 29.7 
Tg, oC 215 180 >370 >340 

P(O2), Barrer 0.40–0.88 0.68–0.84 2380 4750 
P(O2)/P(N2) 6.4–7.6 8.4–11.7 1.9 1.8 

 
Both PEIs have relatively flexible main chains, which are revealed by their low glass transition 

temperature as compared with other polyimides. On the other hand, for both Si-containing 
polytricyclononenes, the glass transition is not observed below the onset of thermal decomposition. 
PEIs are characterized by very low free volume, which manifests in their fractional free volume 
(FFV) values. Meanwhile, the FFV values observed for another pair of polymers are among the 
greatest among all studied polymers [25,26]. Particularly dramatic differences are observed for the 
gas permeation properties of the two groups of polymers. Permeability coefficients of Si-containing 
polymers are greater by several orders, while their selectivity is much smaller. So it will be 
interesting to discover which features of the nanostructures of these materials, as evaluated by MD 
technique, are responsible for such significant differences in physical properties. 

In the present work, as before [15], we consider FFV, available free volume (AFV) and size 
distribution, following the approach of Hofmann et al. [4]. In such an analysis, AFV is considered 
only a part of the free volume that can accommodate a probe of a certain size. We also used 
Delaunay tessellation to analyze the surface of two PEIs. This allowed us to estimate the total specific 
surface area in these polymers and find out which atoms form the FVE surface. 

PEI-304

Computation 2019, 7, 27 2 of 14 

 

In this work, we compare the results of atomistic modeling using the molecular dynamics o four 
glassy polymers with different properties. Two of them are polyetherimides (PEIs), whose structure 
is shown in Table 1. It can be seen that they have the same dianydride moiety but different diamines. 
Another pair is represented by isomeric, highly permeable polytricyclononenes containing two 
SiMe3 groups attached to the main chain differently (Table 1). A detailed study of the latter has 
already been performed [15]. Some properties of these polymers are compared in Table 2. It shows a 
dramatic variation in the properties of glassy polymers depending on their chemical structure.  

Table 1. Structure of the polymers studied. 

Polymer Formula of the Monomer 

Ultem N N
O

O

O

O

O

O C

CH3

CH3

n
 

PEI-304 N N
O

O C O

n

O

O

O

O

O C

CH3

CH3

CF3

CF3

 

PTCNSi2v 

 

PTCNSi2g 

 

Table 2. Properties of glassy polymers. 

Parameter Ultem [16–19] PEI-304 [20–24] PTCNSi2v [25] PTCNSi2g [26] 
Density, g/cm3 1.28–1.30 1.37 0.81 0.853 

FFV, % 10.8–12.1 9.2–10.0 34.9 29.7 
Tg, oC 215 180 >370 >340 

P(O2), Barrer 0.40–0.88 0.68–0.84 2380 4750 
P(O2)/P(N2) 6.4–7.6 8.4–11.7 1.9 1.8 

 
Both PEIs have relatively flexible main chains, which are revealed by their low glass transition 

temperature as compared with other polyimides. On the other hand, for both Si-containing 
polytricyclononenes, the glass transition is not observed below the onset of thermal decomposition. 
PEIs are characterized by very low free volume, which manifests in their fractional free volume 
(FFV) values. Meanwhile, the FFV values observed for another pair of polymers are among the 
greatest among all studied polymers [25,26]. Particularly dramatic differences are observed for the 
gas permeation properties of the two groups of polymers. Permeability coefficients of Si-containing 
polymers are greater by several orders, while their selectivity is much smaller. So it will be 
interesting to discover which features of the nanostructures of these materials, as evaluated by MD 
technique, are responsible for such significant differences in physical properties. 

In the present work, as before [15], we consider FFV, available free volume (AFV) and size 
distribution, following the approach of Hofmann et al. [4]. In such an analysis, AFV is considered 
only a part of the free volume that can accommodate a probe of a certain size. We also used 
Delaunay tessellation to analyze the surface of two PEIs. This allowed us to estimate the total specific 
surface area in these polymers and find out which atoms form the FVE surface. 

PTCNSi2v

Computation 2019, 7, 27 2 of 14 

 

In this work, we compare the results of atomistic modeling using the molecular dynamics o four 
glassy polymers with different properties. Two of them are polyetherimides (PEIs), whose structure 
is shown in Table 1. It can be seen that they have the same dianydride moiety but different diamines. 
Another pair is represented by isomeric, highly permeable polytricyclononenes containing two 
SiMe3 groups attached to the main chain differently (Table 1). A detailed study of the latter has 
already been performed [15]. Some properties of these polymers are compared in Table 2. It shows a 
dramatic variation in the properties of glassy polymers depending on their chemical structure.  

Table 1. Structure of the polymers studied. 

Polymer Formula of the Monomer 

Ultem N N
O

O

O

O

O

O C

CH3

CH3

n
 

PEI-304 N N
O

O C O

n

O

O

O

O

O C

CH3

CH3

CF3

CF3

 

PTCNSi2v 

 

PTCNSi2g 

 

Table 2. Properties of glassy polymers. 

Parameter Ultem [16–19] PEI-304 [20–24] PTCNSi2v [25] PTCNSi2g [26] 
Density, g/cm3 1.28–1.30 1.37 0.81 0.853 

FFV, % 10.8–12.1 9.2–10.0 34.9 29.7 
Tg, oC 215 180 >370 >340 

P(O2), Barrer 0.40–0.88 0.68–0.84 2380 4750 
P(O2)/P(N2) 6.4–7.6 8.4–11.7 1.9 1.8 

 
Both PEIs have relatively flexible main chains, which are revealed by their low glass transition 

temperature as compared with other polyimides. On the other hand, for both Si-containing 
polytricyclononenes, the glass transition is not observed below the onset of thermal decomposition. 
PEIs are characterized by very low free volume, which manifests in their fractional free volume 
(FFV) values. Meanwhile, the FFV values observed for another pair of polymers are among the 
greatest among all studied polymers [25,26]. Particularly dramatic differences are observed for the 
gas permeation properties of the two groups of polymers. Permeability coefficients of Si-containing 
polymers are greater by several orders, while their selectivity is much smaller. So it will be 
interesting to discover which features of the nanostructures of these materials, as evaluated by MD 
technique, are responsible for such significant differences in physical properties. 

In the present work, as before [15], we consider FFV, available free volume (AFV) and size 
distribution, following the approach of Hofmann et al. [4]. In such an analysis, AFV is considered 
only a part of the free volume that can accommodate a probe of a certain size. We also used 
Delaunay tessellation to analyze the surface of two PEIs. This allowed us to estimate the total specific 
surface area in these polymers and find out which atoms form the FVE surface. 

PTCNSi2g

Computation 2019, 7, 27 2 of 14 

 

In this work, we compare the results of atomistic modeling using the molecular dynamics o four 
glassy polymers with different properties. Two of them are polyetherimides (PEIs), whose structure 
is shown in Table 1. It can be seen that they have the same dianydride moiety but different diamines. 
Another pair is represented by isomeric, highly permeable polytricyclononenes containing two 
SiMe3 groups attached to the main chain differently (Table 1). A detailed study of the latter has 
already been performed [15]. Some properties of these polymers are compared in Table 2. It shows a 
dramatic variation in the properties of glassy polymers depending on their chemical structure.  

Table 1. Structure of the polymers studied. 

Polymer Formula of the Monomer 

Ultem N N
O

O

O

O

O

O C

CH3

CH3

n
 

PEI-304 N N
O

O C O

n

O

O

O

O

O C

CH3

CH3

CF3

CF3

 

PTCNSi2v 

 

PTCNSi2g 

 

Table 2. Properties of glassy polymers. 

Parameter Ultem [16–19] PEI-304 [20–24] PTCNSi2v [25] PTCNSi2g [26] 
Density, g/cm3 1.28–1.30 1.37 0.81 0.853 

FFV, % 10.8–12.1 9.2–10.0 34.9 29.7 
Tg, oC 215 180 >370 >340 

P(O2), Barrer 0.40–0.88 0.68–0.84 2380 4750 
P(O2)/P(N2) 6.4–7.6 8.4–11.7 1.9 1.8 

 
Both PEIs have relatively flexible main chains, which are revealed by their low glass transition 

temperature as compared with other polyimides. On the other hand, for both Si-containing 
polytricyclononenes, the glass transition is not observed below the onset of thermal decomposition. 
PEIs are characterized by very low free volume, which manifests in their fractional free volume 
(FFV) values. Meanwhile, the FFV values observed for another pair of polymers are among the 
greatest among all studied polymers [25,26]. Particularly dramatic differences are observed for the 
gas permeation properties of the two groups of polymers. Permeability coefficients of Si-containing 
polymers are greater by several orders, while their selectivity is much smaller. So it will be 
interesting to discover which features of the nanostructures of these materials, as evaluated by MD 
technique, are responsible for such significant differences in physical properties. 

In the present work, as before [15], we consider FFV, available free volume (AFV) and size 
distribution, following the approach of Hofmann et al. [4]. In such an analysis, AFV is considered 
only a part of the free volume that can accommodate a probe of a certain size. We also used 
Delaunay tessellation to analyze the surface of two PEIs. This allowed us to estimate the total specific 
surface area in these polymers and find out which atoms form the FVE surface. 

Table 2. Properties of glassy polymers.

Parameter Ultem [16–19] PEI-304 [20–24] PTCNSi2v [25] PTCNSi2g [26]

Density, g/cm3 1.28–1.30 1.37 0.81 0.853
FFV, % 10.8–12.1 9.2–10.0 34.9 29.7
Tg, ◦C 215 180 >370 >340

P(O2), Barrer 0.40–0.88 0.68–0.84 2380 4750
P(O2)/P(N2) 6.4–7.6 8.4–11.7 1.9 1.8

Both PEIs have relatively flexible main chains, which are revealed by their low glass transition
temperature as compared with other polyimides. On the other hand, for both Si-containing
polytricyclononenes, the glass transition is not observed below the onset of thermal decomposition.
PEIs are characterized by very low free volume, which manifests in their fractional free volume
(FFV) values. Meanwhile, the FFV values observed for another pair of polymers are among the
greatest among all studied polymers [25,26]. Particularly dramatic differences are observed for the
gas permeation properties of the two groups of polymers. Permeability coefficients of Si-containing
polymers are greater by several orders, while their selectivity is much smaller. So it will be interesting
to discover which features of the nanostructures of these materials, as evaluated by MD technique, are
responsible for such significant differences in physical properties.

In the present work, as before [15], we consider FFV, available free volume (AFV) and size
distribution, following the approach of Hofmann et al. [4]. In such an analysis, AFV is considered
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only a part of the free volume that can accommodate a probe of a certain size. We also used Delaunay
tessellation to analyze the surface of two PEIs. This allowed us to estimate the total specific surface
area in these polymers and find out which atoms form the FVE surface.

2. Modeling Details

In this paper, we used the same methodology for preparing the equilibrium amorphous structures
of the models as in our previous works [15,27]. Therefore, it will be described here only briefly. Two pairs
of polymers, polyetherimides and Si-substituted polytricyclonones, will be considered separately.
In both cases, the density of the modeled polymer phases was not used as an input parameter, which
was often done in previous studies [3,28], but was calculated for a number of samples with the same
chemical structure. Thus, some change in the calculated density can be obtained. This somewhat
increases the reliability of the comparison with the experimental density and, moreover, can explain
the noticeable density variations of nanometric sample sizes in the models.

The procedure for preparation of representative amorphous structures of the polymers included
the following 5 stages [15].

1. Preparation of a dense gas system from 500 monomers in a cubic computational cell with periodic
boundary conditions.

2. Obtaining of dense melt at a high temperature (800 K). Affine compression of the cells was
performed simultaneously along three directions with a rate of 0.1 Å/ps. So far, their density will
be 1.2 g/cm3 for polyetherimides and 0.9 g/cm3 for Si-substituted polytricyclonones. This density
value is close to the experimental data given in Table 2.

3. Random polymerization with the avoidance of cyclic formation and relaxation of the system
within 1 ns. For this purpose, at each step of molecular dynamic calculation during this process,
the end atoms of the monomer or already synthesized oligomer that were located closer than
critical distance were connected via a harmonic potential and the forces arising at the same time
begin to draw them together. One of the key parameters regulating the polymerization process
is a critical distance which gradually increased from 4 Å at the beginning of polymerization
process to 12 Å at the end. The polymerization process was considered successful if the degree
of polymerization in the model exceeded the specified value (in this case it was more than 20).
Upon completion of polymerization, new lists of valent communications for the synthesized
polymeric systems were made. A high temperature (800 K) was chosen to increase the mobility of
molecules and to increase the probability of approaching the unreacted ends of different molecules.

4. The systems prepared at 800 K were allowed to slowly cool to 300 K at constant volume with a
rate 1 K/ps.

5. Then we used the NPT- simulation to relax the systems to a temperature of 300 K and atmospheric
pressure, which was carried out for several hundred picoseconds until stationary parameters
(density, contributions into the energy of the system valence bonds and valence and torsion
angles, nonvalence Lennard–Jones (LJ) and Coulomb interactions) are achieved.

By this method, we prepared 32 independent models for each of the considered polymer systems.
The coordinates and velocities of atoms thus obtained were used as the initial ones for obtaining an

equilibrium trajectory with a length of 3 ns. Every 20 ps, coordinates were recorded for further analysis.
Molecular dynamics simulations presented in this work have been performed with the use

of the PUMA software package [29,30]. The PCFF force field [31] was employed in simulations,
with potentials accounting for the diverse properties of the bonds within macromolecules, such as
bond stretching, bending, and dihedral angle rotation around the equilibrium values. Nonbonded
interactions were expressed via the LJ 9-6 potential. Moreover, electrostatic interactions arising from
partial charges on Si atoms and methylene groups were also taken into account. The cutoff distance for
non-bonded interactions was set to 1.05 nm.



Computation 2019, 7, 27 4 of 14

For numerical integration of the equations of motion, the Verlet velocity algorithm [32] was used.
The integration step was 1 fs. Temperature in the system was maintained by means of a collisional
thermostat [33,34] with the parameters λ = 5.0 ps−1 and m0 = 1 a.u. As a result, viscosity of the system
increased insignificantly (by ~10−2 cP). Pressure was set and maintained with the barostat described by
Berendsen et al. [35].

3. Description of Obtained Samples

For both polyethterimides, such calculations were conducted simultaneously for 32 independent
samples. The average edge size of the resulting computational cells was 7.3 nm for Ultem and 8.5 nm
for PEI-304. The details on molecular masses of the samples are given in Table 3.

Table 3. Molecular mass of polyetherimides averaged over all samples.

Polymer Ave. Number of Repeat Units in One Chain Mn (Da) Mw (Da) Polydispersity

Ultem 25.6 ± 3.6 27,400 ± 6800 38,000 ± 12,000 1.36 ± 0.12
PEI-304 30.5 ± 5.2 30,600 ± 5200 50,160 ± 11,000 1.65 ± 0.27

The obtained molecular masses (Mn and Mw) are typical for polyimides. The distribution over
the chain lengths obtained as a result of the polymerization carried out was quite wide. Most of the
chains contained several dozen of the repeat units, but there were also those whose lengths reached
hundreds of repeat units or even higher (Figure 1).
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Figure 1. The bar graph of the distribution of monomers in chains of different lengths in Ultem (left)
and polyetherimide (PEI)-304 (right), averaging on all 32 samples.

For different Ultem samples, the calculated density was in the range 1.275–1.295 g/cm3, with an
average value of 1.284 g/cm3 (Figure 2, left). For PEI-304, the computed density varied in an even
narrower range of 1.375–1.395 g/cm3, with an average density of 1.378 g/cm3 (Figure 2, right). This is in
a good agreement with the experimental density presented in Table 2. Since the number of chains in
the samples varied greatly, we checked whether the number of end groups affects the density of the
samples. As shown in the Supporting Information section (Figure S1), unlike polytricyclononenes that
we considered earlier [15], no such dependence was found.

A comparison with the results of the modeling of highly permeable Si-containing polymers [15]
also shows that the length distribution of the chains of the two prepared polytricyclononenes is
somewhat different from that obtained for PEIs. In size distributions of chains of Si-containing
polymers, more sharp maxima are observed (at chain numbers of 20–30) and “tails” that extend up
to the number of the chains close to 200. In contrast to this, in PEIs, a wide maximum is observed
for the number of chains from about 20–60. In polytricyclononenes, the calculated density varies in
somewhat wider ranges than in the case of PEIs. It is likely that we encountered stronger sensitivity of
the amorphous phases of polymers of high free volume to the conditions of their formation. It was
revealed that there was worse agreement between experimental and predicted densities, sensitivity of
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high free volume materials to treatments such as immersing into alcohols, and a wider variation of the
experimental densities, as has been noted in Ref. [15].
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Figure 2. Density of the prepared samples sorted according to their increasing density, Ultem (left),
PEI-304 (right). The bars indicate the standard deviation along the equilibrium trajectories.

The root-mean-square end-to-end distance was proportional to the power function of the number
of repeat units, with indices γ = 0.45 ± 0.02 and 0.48 ± 0.02 for Ultem and PEI-304, respectively
(Figure S2). This indicates an almost random conformation of the molecule in our model.

4. Comparison of Free Volume in Low Permeability and Highly Permeable Polymers

4.1. Visualization of Free Volume

A visualization of the free volume in the considered glassy polymers is shown in Figures 3 and 4 for
polyethetrimides (seen in more detail in Figures S3 and S4) and Figures 5 and 6 for polytricyclononenes.
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Figure 3. Visualization of free volume in Ultem, the density is 1.279 g/cm3. Successive slices in the
range 0–10.5 Å.

For both PEIs, the dense packing of the chains and small size of visible FVEs are characteristic.
In their cases, if a larger FVE is seen at a slice, on the next one that is displaced from the former
by 0.35 nm, it disappears. This means that the size of the FVE is smaller than the distance between
considered slices used in cutting the cubic model cells. Such a tendency is typical for both PEIs.
However, on some slices, one can discern larger FVEs, which are surrounded by a dense polymer
matrix. This observation will be discussed in more length while considering the size distribution of the
free volume of these polymers.
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In contrast to this, both highly permeable Si-containing polymers exhibit much larger FVEs that
sometimes form clusters whose size is comparable to the size of the cell. The same clusters are seen on
several adjoining slices. This is especially evident for PTCNSi2g.

4.2. Accessible Free Volume as a Function of Probe Size

In preparation to investigate the size distribution of free volume and AFV, the so-called V connect
approach [3] was used [15]. Atoms of polymer chains were considered as hard spheres with van der
Waals radii. The computational cell was divided into 100 parts along each coordinate axis. Thus,
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we threw a three-dimensional grid onto the sample with the cell size δ equal to L/N, where L is the edge
of the computational cell. For Ultem and PEI-304, the grid cell sizes were δ ≈ 0.73 Å and δ ≈ 0.85 Å,
respectively. If the grid node did not fall on the polymer atom, this node was considered “free”.
The number of such nodes, multiplied by the volume of the grid cell, determined the free volume.
The same procedure was used to determine AFV, only in this case, the van der Waals atomic radii
increased by the radius of the test particle. Preliminary calculations showed that a further decrease in
the grid step δ did not practically affect the results of the calculations performed. In particular, when
this was reduced by three times, the relative change in the value of the available volume did not exceed
0.05%, that is, it did not exceed the standard calculation error. The FFV and AFF values thus obtained
were averaged over the time trajectories and over all 32 samples. Interesting information appears
from this analysis that the accessible free volume could be “sensed” by using probes of different size
(Figure 7). One can see that the two pairs of studied polymers form two groups of curves. The highly
permeable Si-containing polymers are represented by the curves located above the ones characteristic
for the two PEIs. Meanwhile, they cross the ordinate axis in the same area (35–41%). So, the differences
in the accessible free volume of the two groups of polymers were especially significant for larger
probes (radii of 1 ± 0.5 Å). The same behavior has been observed earlier for PIs [8], PTMSP [36], and
in our previous work [15]. This observation is in agreement with the results of previous research
by Greenfield and Theodorou [37], according to which a hypothetical diffusant of radius of ca. 0.9 Å
or less can percolate through a polymer structure, that is, an infinite cluster was present there for
such small probe. This critical size is close to the size of positronium (o-Ps), therefore, the similar
size distribution of free volume for this probe in PEIs and highly permeable Si-containing polymers
becomes understandable. The same is true for similar values of AFV on the ordinates for a zero probe
size for the two groups of polymers. A sharper decline in the curves from the sample radius for PEIs
explains the higher selectivity of this group of polymers compared to highly permeable Si-containing
polymers (Table 2).

Computation 2019, 7, 27 7 of 14 

 

AFF values thus obtained were averaged over the time trajectories and over all 32 samples. 
Interesting information appears from this analysis that the accessible free volume could be “sensed” 
by using probes of different size (Figure 7). One can see that the two pairs of studied polymers form 
two groups of curves. The highly permeable Si-containing polymers are represented by the curves 
located above the ones characteristic for the two PEIs. Meanwhile, they cross the ordinate axis in the 
same area (35–41%). So, the differences in the accessible free volume of the two groups of polymers 
were especially significant for larger probes (radii of 1 ± 0.5 Å). The same behavior has been 
observed earlier for PIs [8], PTMSP [36], and in our previous work [15]. This observation is in 
agreement with the results of previous research by Greenfield and Theodorou [37], according to 
which a hypothetical diffusant of radius of ca. 0.9 Å or less can percolate through a polymer 
structure, that is, an infinite cluster was present there for such small probe. This critical size is close 
to the size of positronium (o-Ps), therefore, the similar size distribution of free volume for this probe 
in PEIs and highly permeable Si-containing polymers becomes understandable. The same is true for 
similar values of AFV on the ordinates for a zero probe size for the two groups of polymers. A 
sharper decline in the curves from the sample radius for PEIs explains the higher selectivity of this 
group of polymers compared to highly permeable Si-containing polymers (Table 2). 

0 1 2 3

0

10

20

30

40

Radius of probe molecule, А

AFV, %

 1
 2
 3
 4

 

Figure 7. Dependence of accessible free volume on the size of probe. 1: Ultem, 2: PEI-304, 3: 
PTCNSi2v, 4: PTCNSi2g. The bars indicate the standard deviation. 

5. Size Distribution of Free Volume 

Figure 8 shows the bar graph of the size distribution of FVE in two PEIs for test particles of 
different sizes. Size distributions of free volume were calculated for the following gaseous probes 
with the sizes (in Å) according to Teplyakov and Meares [38]: o-Ps (1.06), H2 (2.14), O2 (2.89), N2 
(3.04), Ar (2.97), CO2 (3.02), CH4 (3.14), and Xe (3.52). For describing the size of FVE, we used the 
radius of the effective sphere, the volume of which is equal to the volume of FVE [3–7]. 

 

0 1 2 3 4 5 6 7 8 9
0.0

0.1

0.2

0.3

Effective size of FVE, A

 1
 2Positronium

Probability

 
0 1 2 3 4 5

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Effective size of FVE, A

 1
 2

H2
Probability

 

Figure 7. Dependence of accessible free volume on the size of probe. 1: Ultem, 2: PEI-304, 3: PTCNSi2v,
4: PTCNSi2g. The bars indicate the standard deviation.

5. Size Distribution of Free Volume

Figure 8 shows the bar graph of the size distribution of FVE in two PEIs for test particles of
different sizes. Size distributions of free volume were calculated for the following gaseous probes with
the sizes (in Å) according to Teplyakov and Meares [38]: o-Ps (1.06), H2 (2.14), O2 (2.89), N2 (3.04),
Ar (2.97), CO2 (3.02), CH4 (3.14), and Xe (3.52). For describing the size of FVE, we used the radius of
the effective sphere, the volume of which is equal to the volume of FVE [3–7].
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Figure 8. Bar graph distribution of free volume elements (FVEs) accessible for the different gaseous 
probes calculated from the Ultem (1) and PEI-304 (2) models. Bar graph bin is equal to 0.1 Å. 

For all gaseous probes starting from H2, the same character of FVE size distribution of free 
volume can be observed: a relatively sharp peak for PEI-304 and a broader peak for Ultem. The 
maxima of all size distributions are located in the range of 0.5–1.0 Å. The more narrow distributions 
of FVE for PEI-304 compared to Ultem explain the larger selectivity of PEI-304 (Table 2). Another size 
distribution can be observed for the probe with minimum dimension, o-Ps. This is represented by a 
sharp peak in the vicinity of 8 Å and a wide asymmetric peak in the range of 1–2 Å. 
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Figure 8. Bar graph distribution of free volume elements (FVEs) accessible for the different gaseous
probes calculated from the Ultem (1) and PEI-304 (2) models. Bar graph bin is equal to 0.1 Å.

For all gaseous probes starting from H2, the same character of FVE size distribution of free volume
can be observed: a relatively sharp peak for PEI-304 and a broader peak for Ultem. The maxima of
all size distributions are located in the range of 0.5–1.0 Å. The more narrow distributions of FVE for
PEI-304 compared to Ultem explain the larger selectivity of PEI-304 (Table 2). Another size distribution
can be observed for the probe with minimum dimension, o-Ps. This is represented by a sharp peak in
the vicinity of 8 Å and a wide asymmetric peak in the range of 1–2 Å.
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It is interesting to compare the obtained size distributions of free volume with those obtained
for highly permeable Si-containing polymers [15] and for other PIs [5]. Heuchel et al. [5] simulated a
number of PIs with permeability coefficients P(O2) in the range of 124 ± 45 Barrer. Polyetherimides
that are the subject of our work correspond to the least permeable PIs from the work by Heuchel et
al. [5] (PMDA-ODA and 6FDA-DDS). They reported the size distribution of free volume for these
polymers as rather similar to that shown in Figure 8, a broad peak in the range of 1.5–4 Å.

A big difference is obvious in the comparison of size distributions of PEIs (Figure 8) and highly
permeable Si-substituted polytricyclononenes [15] (Figure 9).
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the atoms of the polymer matrix that form the FVE. In order to take into account the size of the test 
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The plots for O2, CO2, and Xe as probes reveal a very broad peak extended up to 7–8 Å
(Figure 9). Similar dependences were observed earlier for other gases in the probes (H2, Ar, N2, CH4).
Wide distributions of FVE for Si-containing polymers correspond to their low selectivity (Table 2).
Qualitatively different size distribution can be observed for o-Ps as a probe. It is similar to that observed
for both PEIs, however, in that the sharp peak is located at a larger size of the free volume (11–12 Å).

6. Analysis of the Surface of Free Volume Element

6.1. Procedures for Analysis of FVE

Delaunay simplexes and the program FreeSASA [39] were used for the analysis of an inner surface
of FVEs. Delaunay simplexes (in three-dimensional space, they are tetrahedrons) characterize the
interatomic space, since the spheres formed through the apexes of these tetrahedrons contain no
particles. Delaunay simplexes were calculated using the algorithm for a system with periodic boundary
conditions [40]. The computational cell was in the form of a rectangular parallelepiped.

To illustrate this approach on a two-dimensional model, Figure 10 shows several disks depicting
the atoms of the polymer matrix that form the FVE. In order to take into account the size of the test
particle, the radius of these disks was equal to the sum of the van der Waals radii of the atoms and the
test particles. In the center of the picture, there are two disks (“Delaunay spheres”), each of which
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touches three atoms (their surface is partially darkened). Delaunay spheres that intersect or touch
each other are combined into one FVE. Probe molecules with a center of mass inside this FVE will
not overlap with the atoms of the polymer. The FreeSASA program [39], which is widely used in the
analysis of internal cavities in biological systems [41–43], was used to analyze the surface of pores.Computation 2019, 7, 27 10 of 14 
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6.2. Results on FVE Surface Analysis

The approach used allowed an estimation of the specific surface area to be “sensed” by probes of
different radii. The data are given in Table 4. Some of the results of this table seem quite unexpected.
First, for the zero-size probe, all the found surface area values are very high, which is especially
unexpected for PEIs. It implies that at this scale, the surface has very tortuous shape.

Table 4. Specific surface area S/m (m2/g).

Probe Radius Å Ultem PEI-304 PTCNSi2v PTCNSi2g

0 4090 3830 5710 5330
0.53 1600 1365 2710 2900
1.07 407 257 1330 1607
1.445 144 62 816 1072
1.52 129 53 774 1027
1.485 121 48 749 1000
1.51 117 46 740 989

For the zero-size probe, the found surface area of PEIs and highly permeable polymers are
comparable. However, when the size of the probes increases, the S/m values for PEIs decrease more
dramatically and for the largest probe sizes, they reach quite modest values. The calculated values
of the specific surface area can be compared with the results of the estimation of this parameter via
the BET method. It should be taken into account, however, that this method is based on measuring
sorption of nitrogen at 77 K. At low temperatures, the diffusion of nitrogen is very slow, so only part
of the inner surface can be reached by N2 molecules. According to [44,45], the size (radius) of an N2

molecule is 1.8–1.9 Å. Therefore, a comparison is reasonable only for the largest probe size (the last line
of Table 4). It can be seen that for this case the specific surface area reaches rather modest values. It can
be compared with some BET-specific surface areas reported in the literature: 33–60 m2/g for BPDA
polyimides [46] and 70 m2/g for 6FDA-HSBF polyimide [47].
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For highly permeable Si-containing polymers, the BET-specific surface areas have already been
reported [25,26]. For PTCNSi2v and PTCNSi2g, 650 and 790 m2/g have been obtained, respectively.
It can be seen that this is close to the values shown in the last line of Table 4 for these polymers.
Interestingly, PTCNSi2g reveals higher values of the specific surface area at all values of the probe size.
For these polymers too, very high values of the specific surface area at the zero-size probe also imply a
tortuous structure of the inner surface

6.3. Nature of the Groups Forming the Surface of FVEs

The approach used allowed us to estimate the number of different atomic groups forming the
walls of FVEs in both PEIs. The results are presented in Tables 5 and 6. The most common atom groups
in the walls of FVEs in both PEI are CH groups of aromatic rings, 60–71%. This result seems to be
expected, because both PEIs contain numerous aromatic rings. Despite the fact that carbon with sp3

hybridization and oxygen in carbonyl groups make up a small percentage of all atoms of the polymers
under consideration, they are relatively common in the walls of the FVEs of both PEI. An interesting
result was obtained for PEI-304. The FVE surface of this polymer is enriched with fluorine, the source
of which is the –C(CF3)2– groups, which appear only once in a repeat unit. A decreased surface energy
characteristic for the CF groups appears to imply that fluorine tends to strive to the surface of the FVE
in this polymer. Further modeling of fluorinated polymers would likely provide additional information
about this effect.

Table 5. Fraction of surface of FVEs (in %) occupied by various chemical species in Ultem as a function
of the size of a probe. Hydrogen atoms, which are almost entirely within the van der Waals volume of
carbon, were not considered here.

Atom or Group Number of Atoms
in Repeat Unit

% of Total
Atoms

Fraction (%)

Probe Radius
< 1 Å

Probe Radius 1
÷ 1.6 Å

Probe Radius
1.76 Å

–C(CH3)2– 3 6.7 8–11 15–19 21
Carbon in carbonyl group 4 8.9 6–3 2 1.6
CH group in benzene ring 30 66.7 67–71 62–65 61

Nitrogen 2 4.4 1–2 0.3 0.25
Oxygen in carbonyl group 4 8.9 11–14 12–13 12

Oxygen as connection group 2 4.4 3–4 4 4

Table 6. Fraction of surface of FVEs (in %) occupied by various chemical species in PEI-304 as a function
of the size of a probe. Here also, as in Table 5, hydrogen atoms were not accounted for.

Atom or Group Number of Atoms
in Repeat Unit

% of Total
Atoms

Fraction (%)

Probe Radius
< 1 Å

Probe Radius 1
÷ 1.6 Å

Probe Radius
1.76 Å

–C(CH3)2– 6 8.1 6–8 ~9 9.6
Carbon in carbonyl group 4 5.4 2–3 2 2
CH group in benzene ring 48 64.9 65–70 60 60

Nitrogen 2 2.7 0.7–0.4 0.3 0.26
Oxygen in carbonyl group 4 5.4 7–9 8–9 8.4

Oxygen as connection group 4 5.4 4–5 4 4
Fluorine 6 8.1 8–12 14–16 16.3

7. Conclusions

In this work, we compared the two pairs of glassy polymers: low permeability, but highly
permselective polyetherimides (Ultem and PEI-304) and highly permeable polytricyclononenes
substituted by SiMe3 groups. They differed strongly by gas permeability. Molecular dynamics
confirmed that this difference in gas transport properties can be explained by the differences in size
distributions of free volume in the two groups of polymers. PEIs are characterized by denser chain
packing and peaks in size distribution of free volume exemplified by much smaller radii of FVEs.
The two groups of polymers also differed by the AFV values at the intermediate-sized probes. For PEI
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they were markedly lower, however, this difference disappears when the size of the probe approaches
a zero value.

The use of Delaunay tessellation allowed us to estimate the specific surface area of free volume
elements as a function of the probe size in all the polymers studied. At the zero size, this surface
was very tortuous and this manifested in very high specific surface area for both groups of polymers
(4000–5000 m2/g). However, as the size of the probe increased, the specific surface area of PEIs became
much smaller (50–120 m2/g), while for the highly permeable polymers it was 740–990 m2/g. The latter
values were in agreement with the results of the experimental determination of the BET surface area
in these materials. Atomistic analysis of the polymers also permitted an elucidation of the chemical
nature of the groups that formed the surface of free volume elements. This surface is enriched by
fluorine atoms in the case of PEI-304, whose repeat unit included the connecting group –C(CF3)2–.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-3197/7/2/27/s1,
Figure S1: Dependence of density on the number of chain ends in samples; Figure S2: Dependence of the distance
between the ends of chains L (Å) and the number of repeat units in them N; Figure S3: Visualization of free
volume of Ultem model; Figure S4: Visualization of free volume of PEI-304 model; Table S1: Parameters of linear
regression from Figure S2.
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