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Abstract

Two very permeable polymers, poly(1-trimethylsilyl-1-propyne) (PTMSP) and a random copolymer of tetrafluoroethylene and 2,2-
bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (TFE/BDD), have very similar and large fractional free volumes (FFV), but very different
permeabilities. Using atomistic models, cavity size (free volume) distributions determined by a combination of molecular dynamic and
Monte Carlo methods are consistent with the observation that PTMSP is more permeable than TFE/BDD. The average spherical cavity size
in PTMSP is 11.2 A whereas it is only 8.2 A in TFE/BDD. These cavity size distributions determined by simulation are also consistent with
free volume distributions determined by positron annihilation lifetime spectroscopy.

© 2004 Published by Elsevier Ltd.
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1. Introduction

Polymer membranes play an important role in gas
separation, and food packing applications [1] Poly(l-
trimethylsilyl-1-propyne) (PTMSP) and random copoly-
mers of tetrafluoroethylene and 2,2-bis(trifluoromethyl)-
4,5-difluoro-1,3-dioxole (TFE/BDD) are some of the most
permeable polymers known and are very useful for
membrane separation technology [2].

TFE/BDD is an amorphous random copolymer with very
high permeability and excellent chemical resistance [3,4].
There are two commercially available TFE/BDD copoly-
mers containing 65 or 87 mol% BDD from Du Pont
(Wilmington, DE) under the trade names Teflon AF1600
(TFE/BDD65) and AF2400 (TFE/BDDS87) [3]. We chose
TFE/BDDS87 for this study because of its higher fractional
free volume (FFV). PTMSP is known for having the largest
permeability among all polymeric materials [5]. Moreover,
PTMSP exhibits very unusual gas and vapor transport
properties. It is more permeable to large organic vapors,
such as n-butane, than to small, permanent gases, such as
hydrogen [5,6]. Table 1 presents chemical structures and
some properties of PTMSP and TFE/BDD87. PTMSP is a
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substituted polyacetylene that contains double bonds in the
backbone and a bulky trimethylsilyl [Si(CHj3)s] side group.
PTMSP’s density of 0.75 g/cm” is rather low relative to the
1.0 g/lem® density typical of other glassy polymers. TFE/
BDDS87’s apparent “higher” density is because fluorine has
replaced every possible hydrogen in the structure. Both
PTMSP and TFE/BDD87 are loosely packed polymers with
stiff chain backbones. Notice that although the FFV values
are large, both polymers have relatively high glass
temperatures.

The high permeability in these polymers is partially
associated with the extremely high FFV. In general, larger
FFV polymers are more permeable [7—9]. Group contri-
bution and experimental methods can be used to determine
free volumes [7—-11].

Based on density and group contribution estimates of
occupied volume, the FFVs of TFE/BDD87 and PTMSP are
0.32 and 0.34, respectively [3,11]. The values were
calculated using the van der Waals volumes of repeat
units and group contribution increments. These values are
almost twice the value for conventional, low-free-volume
glassy polymers material such as polysulfone with a FFV of
0.156 [12]. Although both TFE/BDD87 and PTMSP have
comparable FFV’s, PTMSP is much more permeable than
TFE/BDDS87. This suggests that FFV is only part of the
story and that the distribution of free volume is important.
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Table 1
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Structure and some physical properties of TFE/BDD87 and PTMSP at T = 298 K [3]

Polymer Formula Density (g/cm®) FFV? T, (°C)
TFE/BDD87 (AF2400) 1.74 0.32 240
0.13 ] | 1 osr
O\ /O
/N
FsC CF;
TFE BDD
PTMSP (|)H3 0.75 0.34 >280
~[—C—C l *FC:C‘]‘
| 0.50 / \ 0.50
— Qi H3C Qi
HaC— Si——CHs H,C s|| CHs
CH
CH, 8
trans cis

T,, glass transition temperature.
* FFV, fractional free volume.

Positron annihilation lifetime spectroscopy (PALS)
measurements support this view. They show, [2] on the
time scale of the PALS experiment, that the largest
accessible free volume elements in TFE/BDDS87 are smaller
and in much lower concentration than in PTMSP. In
addition to PALS, there are several other experimental
methods that can be used to characterize the cavity size
distribution of a polymer, such as photochromic [20] and
spin probe [21] methods.

Although tremendous progress has been made, the cavity
size distribution of a material is still very difficult to
measure. Molecular modeling provides an alternative
method and its utility is demonstrated herein. Cavity size
distributions (CSDs) for TFE/BDD and PTMSP are
calculated using a combination of molecular dynamic and
Monte Carlo techniques. The algorithm used to determine
CSDs is based on energetic rather than geometric consider-
ations and is described in detail in Ref. [13].

2. Simulation

The COMPASS force field (Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies)
[14,16] was used in all the simulations. Molecular dynamics
(MD) were performed using Amorphous Cell module of
Materials Studio package [14].

For PTMSP, the initial polymer chain constructed
consisted of 50 repeat units with a 50:50 probability for

the occurrence of cis and trans monomers, mimicking the
PTMSP material polymerized in the presence of a catalyst
TaCls [6,15]. Two PTMSP chains, each with 50 repeat
units, were folded in the Amorphous Cell with a density
of 0.75 g/cm® (experimental density). The resulting cell
length was 29.2 A. Sixty initial states were constructed
followed by 5000 steps of energy minimization to
eliminate the ‘hot spots’. Afterwards, a 10 ps NVT MD
run at 298 K was performed for each of the 60 states to
further equilibrate structures. The assumption is made that
the resulting structures are representative of the glassy
polymer.

For TFE/BDDS7, the initial polymer chain was con-
structed with 100 repeat units with 13 mol% TFE and
87 mol% BDD at the experimental density of 1.74 g/cm’.
The resulting cell length is around 28 A. Sixty initial states
were constructed and followed by 10,000 energy minimiz-
ation steps and a MD run of 10 ps in the NVT ensemble. The
temperature was also set to 298 K.

A cavity-sizing algorithm [13] was then applied to each
of the equilibrated configurations. The following is a quick
review of cavity-sizing algorithm.

(i) A polymer structure is generated by MD (or MC)
simulation.

(ii)) The force field used to create the above structure is
replaced with a pure repulsive force field. All atoms
remain in fixed locations.

(iii) A trial repulsive particle is then randomly inserted into
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Table 2

Comparison of fractional free volume (from both Bondi method [3] and zero pressure PVT data), fractional cavity volume, average cavity size and permeability

(Py) of PTMSP and TFE/BDD87

Polymer FFV% (3] FFV% (this work) Average cavity size (A) Py (Oy) [17,18] (Barrer)
TFE/BDDS87 32 31.4 13.2 0.9 8.2 960
PTMSP 34 NA 156 £ 1.8 11.2 9000

the repulsive polymer structure and a local energy
minimum is located in the repulsive force field.

(iv) After the minimum is determined, attractive interactions
are turned on and the size of the test particle is adjusted
until its potential interaction with all other atoms
becomes zero. This size is taken as the diameter of a
spherical cavity.

(v) A check is then made to determine whether the initial
random inserting point is inside the cavity or not. The
cavity is only accepted if the initial point is inside the
cavity. This procedure leads to volume distribution
rather than a number distribution of cavities.

(vi) Steps (iii)—(v) are repeated enough times to get a
representative distribution of cavity sizes for a given
structure.

3. Results and discussion
3.1. Free volume

Table 2 presents the FFV from Ref. [3] and that
calculated from experimental low pressure PVT data [10].
The fractional cavity volume (FCV) and the average cavity
size are from our simulations. The fractional cavity volume
is the fraction of space occupied by spherical cavities
defined above by our cavity size algorithm. As a point of
reference, a close-packed periodic structure of spheres has a
FFV of 0.26, but the FCV (from octahedral and tetrahedral
spherical cavities) is only 0.069 [13]. In other words, not all
of the free volume is in the form of well-defined spherical
cavities. FCV is yet another measure of free volume.

Also included in Table 2 are experimental permeation
coefficients for oxygen [17,18]; the average cavity size (x) is
calculated as follows:

J ) ¥ P(v)dx
()= “—— (1)
JO X P(v)dx

where x is the cavity size as defined in step (v) and P(v) is
the volume distribution obtained from our cavity-sizing
algorithm.

FFV of TFE/BDD87 and PTMSP polymers from Ref. [3]
are obtained by using group contribution methods [11]. We
also calculated the FFV of TFE/BDD87 based on the lower

pressure PVT data from the literature [19] based on the
method described in Ref. [10], which is outlined below.
FFV is usually defined as:
y—

FFV = 2)

\4

where v is the specific volume and v* is the specific volume
at absolute zero temperature. However, it is has been
suggested that 1/p" is a better measurement of v* [10]; p* is
the characteristic mass density that is obtained by
extrapolating zero pressure densities to absolute zero
temperature. Therefore, FFV can also be obtained by the
following equation:

FFV=1-5=1- £ 3)
where p is the mass density (reciprocal of specific volume v)
at temperature 7', and g is the reduced mass density.

Fig. 1 shows the mass density vs. temperature at zero
(atmospheric) pressure for TFE/BDD87 random copolymer.
It is seen that mass density of TFE/BDD8&7 has a linear
relationship with temperature. Polymers exhibit a linear
dependence of density on temperature [10]. By extrapolat-
ing the density to zero temperature, we find that p* =~ 2.53 g/
cm’ for the TFE/BDD87 random copolymer. The mass
density of TFE/BDDS87 at 298 K is about 1.74 g/cm3 [19],
so the FFV of TFE/BDD&7 is 0.314 based on Eq. (3). This
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Fig. 1. Zero pressure densities for TFE/BDD87 vs. temperature. Symbols
are experimental data from Ref. [19]. The straight line is a least-squares line
through the data. The regress equation is also showed.
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independently calculated value agrees well with that
obtained from the Bondi method. Unfortunately, a similar
calculation for PTMSP is not possible because the requisite
low pressure volume—temperature data are not available.

The FFV from Ref. [3], fractional cavity volume, and the
average cavity size of PTMSP are larger than that of TFE/
BDD87. However, both of them have greater free volume
than conventional glassy polymers such as polysulfone
(PSF), which has a FFV value of 0.156 [12] by the Bondi
method [11] and 0.133 from the zero pressure PVT data
[10].

3.2. Permeability

The permeability of a polymer film to a penetrant is
defined as [6]:

p— Flux-Thickness NI
 Driving force  p, — p;

“4)

where P is the permeability coefficient, N is the steady-state
penetrant flux through the polymer film, / is the film
thickness, p; and p, are the downstream and upstream
pressure, respectively, and Ap = p, — p;. When penetrant
flux follows Fick’ law, the permeability coefficient P could
be written as:

p=<ﬁ)b (5)
P> — D1

where D is the concentration-averaged diffusivity, C; and
C, are the penetrant concentrations in the polymer at the
downstream and upstream faces of the membrane, respec-
tively. For the case of negligible downstream pressure,
the term in parentheses in Eq. (5) becomes C,/p,, which is
the solubility S at the upstream pressure p, and Eq. (5)
becomes,

P=SD (6)

The permeability is the product of solubility and
diffusivity. The permeability is often expressed in units of
Barrer, and 1 Barrer = 107102?;(3%, where STP means
standard temperature (0 °C) and pressure (1 atm).

Table 3 presents the permeability of PTMSP and TFE/
BDD87 polymer films to some penetrants at r = 35 °C and
Ap = 0[17,18]. The permeation coefficients for PTMSP are
much larger than those for TFE/BDDS87, though both have
comparable free volumes.

3.3. Cavity size distribution

Cavity size distribution provides an alternative means to
examine this problem. Hofmann et al. [15] have studied the
free volume distribution in ultrahigh free volume PTMSP
and two lower free volume polymers by computer
simulation. PTMSP shows a broader free volume distri-
bution than the low free volume polymers.

The cavity size distributions of PTMSP and TFE/BDDS87
copolymer determined in this study are presented in Figs. 2
and 3. The distribution in Fig. 2 (PTMSP) is shifted towards
larger cavity sizes relative to TFE/BDDS87. The largest
cavity diameter found in PTMSP is about 16 A; in contrast,
the largest cavity diameter found in TFE/BDDS87 is 12 A.
This is also consistent with PALS data that show larger free
volume elements in PTMSP than in TFE/BDDS87 [2,3].
PALS free volume distributions are bimodal [3]. The larger
of the two cavities in PTMSP are 13.6 A, while in TFE/
BDDS7 they are 11.9 A.

To quantitatively compare the cavity size distribution of
TFE/BDD87 and PTMSP, the cumulative distribution of
cavity size distribution of two polymers is shown in Fig. 4.
The cumulative distribution for PTMSP is shifted towards
larger cavity sizes. In TFE/BDD, 50% of the cavities exceed
8.1 A whereas 50% of the cavities in PTMSP exceed
113 A, Many studies have shown that the gas transport
behavior of TFE/BDDS87 is similar to that of conventional,
low-free-volume glassy polymers, whereas PTMSP behaves
more like a non-porous carbon than a conventional glassy
polymer.

4. Conclusions

Although PTMSP and TFE/BDD polymers have large
and similar FFV, PTMSP is much more permeable to gases
(see Table 3). As an explanation, it has been suggested that
PTMSP has larger free volume elements and more
connected regions of free volume than TFE/BDD [2,6].
Our cavity size distribution results from molecular simu-
lation support the idea that PTMSP has on average larger
cavities (see Figs. 2—4). However, our algorithm does not
address the issue of cavity connectivity. It is also been
demonstrated that molecular simulations of glassy struc-
tures can be produced and probed with a cavity size
algorithm to obtain results that are consistent with existing
PALS measurements.

Table 3
Comparison of permeability of TFE/BDD87 and PTMSP to a series of
gases and vapors at t = 35 °C and Ap =0 [17,18]

Penetrant P, (Barrer)
TFE/BDD87 [17] PTMSP [18]

H, 2100 15,000
(0)3 960 9000
N, 480 6600
CO, 2200 27,000
CH, 390 15,000
C,Hg 210 31,000
C5Hg 38,000
CF, 66 3100
C,F¢ 13 2400
C5Fg 1200
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Fig. 2. Cavity size distribution in PTMSP at T = 298 K and p = 0.75 g/cm® from molecular simulation. The average cavity size is 11.2 A, and the fractional
cavity volume is 15.6%. PTMSP has higher permeability than TFE/BDD87 (see Table 3). PTMSP has a smaller fraction of smaller cavities than TFE/BDD87
(see Fig. 3).

Probability Density

Cavity Size (A)

Fig. 3. Cavity size distribution in TFE/BDD87 at T = 298 K and p = 1.74 g/cm® from molecular simulation. The average cavity size is 8.2 A, and the
fractional cavity volume is 13.21% (see Table 2). TFE/BDD87 has a higher fraction of smaller cavities than PTMSP.
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Fig. 4. Comparison of cumulative cavity size distribution in TFE/BDD8&7
and PTMSP.
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