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Abstract

Molecular dynamics (MD) simulations have been used to study diffusion of methane in three highly impermeable aromatic polyesters that
are good barrier materials. These are amorphous poly(ethylene terephthalate) (PET) and poly(ethylene 2,6-naphthalene dicarboxylate)

(PEN), and the nematic mesophase of the thermotropic liquid crystalline copolyester (L@®)ydfoxy benzoic acid (HBA) and 2,6
hydroxy naphthoic acid (HNA). Diffusion coefficients were determined in the temperature ranges of 450-625 K for PET, 500-625 for PEN,

425-530 K for the LCP, where values are large enough to be accessible to MD in practical computation times. Extrapolation, via Arrhenius
plots, of the coefficients to near room temperature gave good agreement with experimental data in that region. This was found even though

the glass transition temperaturel)(of PET (350 K) and PEN (390 K) lie in the intervening temperature range. This finding confirms
previous observations that a low temperature hopping regime for small penetrants sets in on cooling well bEfofdtibéost. Analysis of

diffusant trajectories in terms of diffusive jump size distribution also shows that the low temperature hopping regime remains in place over

the temperature range studied in these low diffusion coefficient polymers. Correlation of diffusion coefficients with free volume was
examined. The LCP, even though diffusion there is highly anisotropic, is found to lie on a correlation found previously for five other
polymers studied via MD. However, PET and PEN fail badly and are found to diffuse much more slowly than inferred from free volume vs
diffusion coefficient behavior in the other polyme@®1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction penetrant advances via a hopping mechanism from an old
cage to a new one formed nearby [6,10]. As temperature

Transport of molecules in polymeric matrices is an increases, the mechanism gradually changes [6,7,9]. Jumps
important topic in the field of polymer science and technol- are more frequent and the time spent in the cages decreases
ogy [1]. One important reason for this interest is that poly- in relative importance to the total time trajectory. At high
meric materials find extensive application as barriers to the temperature, the cage effect essentially disappears in favor
diffusion of gases. It has been shown recently that atomistic of a liquid—like scattering process. Accompanying this
level simulations using the molecular dynamics (MD) tech- effect, the activation energy, which at lower temperature
nigue can successfully compute diffusion coefficients of behaves in Arrhenius fashion over a considerable region,
such penetrant molecules in a variety of bulk polymers decreases to a fraction of the low temperature value. Inter-
[1-8]. This capability has proven to be very valuable in estingly, the establishment of the low temperature Arrhenius
achieving understanding of the mechanism of diffusion regime takes place on cooling well above the glass transition
and the relation between chemical architecture and rate ofregion of the matrix and persists on lowering temperature
diffusion. into the glassy region.

The mechanism of diffusion of small penetrants such as As an example of structure vs diffusion insights, penetrant
gas molecules deduced from simulation is interesting. At (methane) diffusion in polyisobutylene (PIB), where rates
low temperature, the penetrant is trapped for long periods are comparatively slow, has been studied via simulation
of time in a cage formed by the polymer matrix. The [5,6] and compared to that in polyethylene (PE) [6] and

atactic polypropylene (aPP) [7]. The slow diffusion in PIB

* Corresponding author. Tel.:+1-801-581-6865; Fax:+1-801-581- CPL.Jld be. attributed to th.e 'Iarger Ch"?"” cross-sectional area
4816, giving rise to more efficient packing and smaller free
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been carried out. Diffusion in atactic polystyrene (aPS) [8] density was also computed at the same temperatures
andcis-poly(butadiene) (PBD) [9] has also been studied and employed for thev—T investigation. The cohesive energy
found to correlate well with fractional free volume. was found as the intermolecular portion of the nonbonded
In the present work, small penetrant diffusion simulation and electrostatic energies.
studies are extended to a class of structurally more compli-
cated polymers, that is, to three aromatic polyesters. They2.2. Vectra representation
are polymers in which the diffusion coefficients are smaller
than in the systems previously mentioned and are excellent s i X !
barrier materials. Two of the polymers are aromatic diacid Nave also been described in detail [12]. Briefly, the system
esters with ethylene glycol, and are amorphous poly(ethy- consisted of 12 chains of 10 monomeric units (7 BA and
lene terephthalate) (PET) and amorphous poly(ethylene 2,6-3 NA) €ach. The BA and NA units were randomly concate-
naphthalene dicarboxylate) (PEN). The third is a random Natéd in each chain. All atoms including hydrogen were
copolymer ofp-hydroxybenzoic (BA) acid and 2-hydroxy- epr|C|tIy_ mgdeled. The pel’IO.dIC cell was prthorhomblc in
6-naphthoic acid (HNA). The latter is a thermotropic liquid Shape with independently adjustalleb, cdimensions.
crystalline polymer (LCP) known commercially as Veétra
This example is interesting since the chains are organized a
para_llel bundles over d(_Jm_ains. The diffu_sion is expected to For PET a single methane penetrant was used to deter-
beTr\]/:/%hz ?Egsﬁg?ﬁrfe\;\gthggpe[sli]dgr%alggléo HBA/HNA mine the mean square displacements at five temperatures,
' 625, 575, 525, 500 and 450 K. The simulations were
Vectra [12], have been the subject of previous simulations peqyeen 1.5 to 2.5 ns in duration. The initial configurations
and the models are used directly in this work. Simulation of |\« optained from NPT simulations which were on the
PEN is carried out here for the first time. Methane continues order of 1 ns in duration. The penetrants were introduced

to be the choice for the penetrant, a selection originally i, the simulation box of dimensions determined in the

made on the basis of its being well represented as a Singlevolume equilibration step. Equilibration times were on the

centre a}nd glso as the largest of the gases commonly repreg o of 250 ps at 625 and 575 K, 500 ps at 525 and 500 K

sented in this manner. and 1 ns at 450 K. For PEN the conditions were the same
except that the 450 K temperature was excluded.

The system studied and the force field parameters used

S2.3. PET and PEN diffusion details

2. Simulation details 2.4. Vectra diffusion details

2.1. PET and PEN representation Three methane penetrants were inserted into equilibrated
configurations generated by NPT dynamics. The equilibra-
PET was modeled with a single chain of 60 monomeric tion was judged by the observation of the specific volume
units packed in a cubic periodic simulation cell. The methy- during the course of the simulation. The diffusion runs were
lene (CH) units and the aromatic ring (C—H) units are performed under NVT conditions by fixing the volume to
modeled as anisotropic united atom (AUA) groups. The the equilibrated value found from NPT dynamics. The diffu-
details and force field have been described previously [11]. sants were inserted in the following manner. The orthor-
PEN used the same group representations and energyhombic periodic _cell is quite elongated in tleeor chain
model as PET and the simulation system also consisted ofdirection (~ 70 A) relative to the latera, b dimensions
60 monomeric units in a cubic periodic cell. In simulation ( ~ 14, 18 A). The cell was considered to be sub-divided
studies of dynamic processes like diffusion that are sensitive into three compartments along thexis. A free volume or
to free volume it is important that the system volume be cavity search was conducted in each compartment via inser-
consistent not only with experiment but also with the tion of a large number of probe spheres. A penetrant was
desired pressure (1 atm in the case here) [2]. Thus, investi-inserted at one of the larger cavities in the interior of each
gation of the PVT properties or equation of state is impor- compartment and such that none of the penetrants were
tant. Such results for PET were reported and in fact placed very close to each other. The mean square displace-
nonbonded parameter adjustment for the united atom ments were accumulated at four temperatures, 530, 500, 450
aromatic C—H units was based in part on matching the and 425 K. The runs were between 2—3 ns in duration with
experimental melt density and thermal expansion [11]. 500 ps equilibration time allowed to elapse after insertion of
The equation state was also investigated here for PEN.the penetrants before data collection. Although the chains
Volumes were established under constant particle number,have considerable translational freedom alongdiuirec-
N, pressureP, and temperature], (NPT) dynamics at tion, their ends tend to be congregated in the vicinity ofdhe
several temperatures at 1 atm. Also volume vs pressure ataxis cell faces creating an ‘end-zone’ region of looser pack-
one temperature was determined via NPT dynamics. Sinceing [12]. At the higher temperatures, the penetrants placed
there is no parameter adjustment carried out here for PENin the compartments towards the chain ends tended to even-
these PVT results are entirely predictive. Cohesive energytually move into the end-zone of the simulation cell. A



R.K. Bharadwaj, R.H. Boyd / Polymer 40 (1999) 4229-4236

1.00 R R

| —8— MDPEN ]

095 L | —O— MDPET b

’ =====cxp PET melt 1

[ | m=s=eese- exp PET glass ]

0.90 [ exp PEN melt ]

T’é\ T ®  exp PEN glass 1
&b . ]
o, 085 —
= C ]
N 5 ]
> 0.80 - -
Es ]
0.75%_.... ]
0.70 T T T T T PR

300 350 400 450 500 550 600 650 700
T (K)

Fig. 1. Volume vs temperature for PEN at 1 atm as determined here from
NPT dynamics (open squares, thin curve). Experimental data in the melt for
PEN, is shown as a heavy line [13] and a single point for the glass is given
(filled circle) [14]. Also shown is previous MD simulation data for PET
(open circles, thin line) [11], experimental data for PET melt (heavy dashed
line) [15] and experimental data for PET glass (heavy dotted line) [16].

penetrant was excluded from participation in the diffusion
trajectory if it was within 5 Aof the end-zone. At 450 and
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free volume space has a distance to the closesphere.
This establishes the radius of the largest sphere that can be
inserted at that point in unoccupied space. That space is also
available to all spheres of smaller radii. Thus the fractional
free volume and the fractional volume available to a sphere
of given radius is computed from finding the atom neighbors
of a large number of inserted points. This computation was
carried out here for all three polymers equilibrated at 400 K.
The temperature was selected to coincide with similar
computations carried out previously [6—9].

3. Results and discussion
3.1. PVT behavior of PEN

Since, as indicated in Section 1, PEN has not been consid-
ered in simulation before, equation of state results are
presented here. Fig. 1 displays the volume vs. temperature
at 1 atm for PEN determined via NPT dynamics over a wide
temperature range. Experimental data for the melt [13], and
a single point for the room temperature glass [14] are shown
as well. Also shown for comparison, are previous MD
results for PET [11] along with appropriate experimental

425 K, the mean square displacement data for all three pene-data [15,16]. It can be seen that the MD melt volume for

trants could be used.

2.5. Free volume computation

The most simple and direct measure of free volume of the
polymeric matrix is based on the volume unoccupied by the
atom diametersy, at which the nonbonded potentials cross
zero. This can be established by a 3-D mesh of insertion
points or, as was done here, by inserting a large number of
points randomly in the simulation box. A given point is
either inside ther diameter of at least one atom or is in
the unoccupied free volume space. In addition, a point in
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Figure 2. Volume vs pressure (at 597 K) for PEN from MD simulation
(open squares, dashed curve). Previous MD results for PET [11] are shown
as open circles, dashed curve. Experimental results for both PET and PEN
are shown as the labeled solid curves [13,15].

PEN is fairly close to but noticeably lower than the experi-
mental values. More serious is the observation that the ther-
mal expansion coefficient is considerably less than the
experimental. The PET results, which used experimental
V-Tdata for the aromatic (C—H) group nonbonded function
calibration, does much better with respect to the thermal
expansion. It is not obvious why PEN should do less well.

Another observation has to do with the occurrence of a
glass transition break in the slope of te-T curve. It has
been found that in a number of cases such a break in the MD
generatedV-T curve is not far from the experimental
Te[17] In PET, Fig.1, although there is a change to a
lower slope on cooling, the change is rather gradual and
the break is not well defined. For PEN the break is seen to
be sharper and occurs at 420—430 K. Experimentally, the
value is in the range 390—400K [14]. Thus in this case the
MD V-T value forTy is a useful estimate of the experimen-
tal one. For both PEN and PET the MD volume reached on
cooling into the glass is significantly higher than the experi-
mental glass volumes. This may be due to the high effective
cooling rates associated with MD and the rather bulky
chemical structures involved.

A volume vs. pressure isotherm (at 597 K) for PEN is
shown in Fig. 2 along with comparison results for PET.
Experimental results are also included [13,15]. Aside from
the obvious vertical displacement of the PEN MD curve
from the experimental one due to the zero pressure volume
match-up (Fig.1), the PEN MD compressibility fit to the
data is about the same as for PET.

The solubility parameter computed as the square-root of
the cohesive energy density, is displayed in Fig. 3. The room
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Figure 3. A solubility parameter of PEN vs temperature is determined from t (ps)

MD simulation.

Fig. 5. Diffusion trajectory for methane in 70/30 HBA/HNA LCP at 450 K.
0. ) . The trajectory is also resolved into the components along the chain direc-
temperature value of 10.2 (cal/é)i? is virtually identical tions (|| ) and transverse to it { ).

to the value of 10.3 found for PET [11].
appropriate. The time interval between origins was selected
3.2. Diffusion coefficients from simulation to be 1 ps. The overall length of the trajectory was dictated

o o ) by the time taken for clear emergence of linear behavior of
Diffusion coefficients were calculated from the Einstein (R?) with time beyond the initial cage effect.

relation, Trajectories, at the lowest temperatures employed, for
_ 1 ) methane in PET (450 K) and in PEN (500 K) are shown
D =limt— oo ﬁdri(t) =0, (€] in Fig. 4. In the LCP the diffusant motion is anisotropic
and therefore it is of interest to resolve the trajectory into
whereD is the self diffusion coefficient of the penetrahtis its components with respect to thae b, cdirections of the

the number of dimensions in which the diffusion is occur- gjmulation cell. This is accomplished in Fig. 5 where the
ring (F = 1,2,3for one-, two- and three- dimensional diffu-  mean-square displacements in the direction parallel to the
sion),t is the time and; is the position of the penetrant. The  ¢hain alignment direction) and perpendicular to ib(¢)
angle brackets refer to averaging accomplished by regardingare shown. It is apparent that the penetrant progress is
multiple time points along the trajectory as the starting point considerably faster in the chain direction than in the trans-
att= 0, and also, averaging over more than one penetrantif yerse. It also can be seen that the two transverse directions
are largely equivalent. The anisotropy with respect to the

80 D R parallel and transverse directions obviously confirms the
70 b : E intuitive notion that the diffusant can run along between
s T ++++ ] the chains and parallel to them more easily than it can pene-
60 £ HH e . trate the chain cross—sections surrounding it transversely.
; ] Strictly speaking, the diffusion coefficient should be
0 3 represented for the LCP orthorhombic simulation cell as a
< & ] 3 x 3 diagonal matrix with components,, Dy, D.. The
N/‘ 40 3 Coso E components are to be calculated separately, using Eq. (1)
30 E E with F = 1, from the three averaged trajectory components;
v r ] one parallel ¢) and two perpendiculaa( b) as in Fig. 5. The
20 [ R spherically averaged diffusion constait,, corresponds to
; + }*,’513 ‘;38‘12 1 Dgpn = (Da + Dy + D)/3 which is the same result as using
10 ] the total averaged trajectorst R* > in Eq. (1) withF = 3.
o . L A; The diffusion coefficientD, for the LCP will be regarded as

the spherically averaged valu@gp,
0 200 400 600 800 1000 1200

t (s) 3.3. Temperature dependence of diffusion constants and

Fig. 4. Diffusion trajectories for methane in PET and PEN at the lowest COMparison with experiment

temperatures employed. The solid lines denote the linear region after the .

initial cage effect out to the region where the trajectory becomes noisy due  Inherent in the present work on polymers that are good
to diminishing starting points in multiple starting point averaging. barrier materials and hence have small diffusion coefficients,



R.K. Bharadwaj, R.H. Boyd / Polymer 40 (1999) 4229-4236 4233

80— 71—+ relatively impermeable polymers. A plot of Idg vs. reci-

E‘ J procal temperature for methane self diffusion in PET as
L AE* =12.0 kcal/mol ] . . . . . . .
9.00L ] determined here via MD simulation is shown in Fig. 6.
@ MD CH, /PET Also shown is experimental data for methane in amorphous
100 o« TP CH, /PET ] PET [18]. The linear Arrhenius extrapolation of the MD
- r N ] results to the range of the experiments indicates quite
-~ 11 01_ N . E reasonable agreement, to within a factor of 2—3 for the
g r AN 1 diffusion coefficient. The activation energy from MD is
a i N ] very close to the experimental one. Considering the length
& 1201 . ] of the extrapolation, these results are quite encouraging. It
- '\ also constitutes further evidence that the diffusion behavior
-13.0 - ] remains Arrhenius from above and through the intervening
E AE* = 12.2 keal/mol ] glass transition (experimentally at- 450 K in this case).
40 e s e ] Similar results are shown for PEN in Fig. 7. The only
L5 2.0 25 3.0 3.5 experimental data for PEN located was at one temperature
1000/T each for oxygen and carbon dioxide as the penetrants

Fig. 6. Log of the diffusion coefficientY in units of n?s™*) vs. reciprocal [14,19]. Typl(_:a"}I’ oxygen diffuses sgveral tlmt_.'-}S faSt.er’
temperature for methane in PET. Results for both MD simulation and @nd carbon dioxide somewhat faster, in polymeric matrices

experiment [18] are indicated. The dashed line is the extrapolation of the than does methane [1]. Taking this into account, the agree-
linear regression of the MD points to the region of the experiments. Activa- ment of simulation with experiment is good.
tion energies are shown on the plot. Turning to the HNA/HBA LCP, the lod vs. reciprocal
temperature plot for diffusion of methane from MD is shown
is the necessity for the simulations to be carried out well in Fig. 8. Comparison with experiment here requires some
above room temperature in order to generate an adequate&eomment. The polymer created by simulation and consid-
diffusant trajectory in practical computation times. Since ered here corresponds to the polymer in the nematic liquid
experimental data tends to be collected near room tem-crystalline state [12]. It remains in this state in simulation on
perature, this means that considerable extrapolation is neceseooling and undergoes vitrification gradually. It is well
sary to compare the simulations with experiment. known experimentally that the nematic state of this polymer
Conversely, past experience has shown that the temperatureindergoes an ordering transition on cooling &t 570 K
dependence is Arrhenius in nature as long as the mechanisnf20—-22]. It is accompanied by sharpening of the X-ray
is still largely in the low temperature hopping regime diffraction pattern that gives indication of some three
alluded to in the Introduction. This appears to be true dimensional order resulting from translational register of
even if the glass transition lies in this range. It is therefore the chains. Sometimes this transition is referred to as
of interest to examine this question with the present

B0 e
_8.0:,.,.,...._...,,\.: : CH, / Veetra :
: PEN ] 9.0 ]
9.0F * = 14, ] C ]
9 : AE* = 14.2 kcal/mol ] [ AE = 12.9 keal mol ! ]
: MD ] - -10.0 - MD ]
~-100F . - Lo . ]
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N . B ] Q400 b ]
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1.5 2.0 2.5 3.0 3.5 1000/T (K)

1000/ T

Fig. 8. Log of the diffusion coefficientD in units of nfs™%) vs
Fig. 7. Log of the diffusion coefficienfY in units of n?s %) vs. reciprocal reciprocal temperature for methane in 70/30 HBA/HNA LCP from MD
temperature for methane in PEN from MD simulation (filled circles). One simulation. Also shown, as the heavy lines, is experimental data for
experimental point is shown for oxygen [14], and one for carbon dioxide argon, nitrogen and carbon dioxide. The dashed thin line is the extrapola-
[18] in PEN. The dashed line is the extrapolation of the linear regression of tion of the linear regression of the MD points to the region of the experi-
the MD points to the region of the experimental points. mental data.
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formation of a ‘crystalline’ phase. However the heat of fusion
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O25FTTT T T T T T T T T I T T T T T T T T T I T T TTT-
and volume change are extremely small [21,22]. The overall _50 20 4 E
degree of order in this random copolymer is obviously far less g s 625K 1
than that associated with the crystal phase of typical semi- 015 E E
crystalline polymers. A reasonable conclusion is that this £0.10F =
ordering transition is not likely to result in the dramatic '%0 05 = E
decline in permeability that is typically associated with BT ]
the crystalline phase compared to the amorphous phase in 8‘32_‘ T
semicrystalline polymers. Thus the (spherically averaged) g - 3
diffusion coefficients determined here from simulation are 0208 575K E
compared directly with the experimental ones. S0.15F E
In Fig. 8, it can be seen that the MD diffusion coefficient gbo 10; E
for methane in the LCP extrapolates to values just below the f‘:; R E
experimental values for argon, nitrogen and carbon dioxide 0051 E
[23]. Since methane typically diffuses somewhat slower 0.00" -
. O SFTTTT T T T T IgT TTTTTTTTTTTH
than any of these gasses [1], it appears that the agreement g E
is satisfactory. b= 525K 3
£ 0.1 E
3.4. Mechanism E 3
80.05 E
As in previous work, it is of interest to analyze the trajec- EE’ e
tories in terms of the type of motions the penetrants EEEEEENNENE
undergo. To this end, it is very useful to suppress the pene- gO2SETTT T T T T T T T T T T I T T T T T T T T
trant cage motion from the trajectory in order that diffusive < 0.2pF 500K E
jumps may be studied directly. This is conveniently accom- S O E E
plished by a simple filtering process [6]. The trajectory is '2%0 E
divided up into a number of equal time intervais, The e EEEENEEEERENE
average position of the penetrafit), is computed in each :025;‘ TTTTTT T T T T T T T T T T T T T
of the intervalsj. A replacement trajectory is constructed by 2 02F 450 K -
connecting the averaged positions. If the interval is selected :E;’ 0.15F E
in the proper ranges is large enough that the cage motions o ]
are largely averaged out but small enough that the diffusive g O1f E
Z0.05 ]
KR s e e s e e e S o RN 0" EEEES
30 & 3 012345678 910111213
25 3 r A)
< N0
Nv& 15 ? E Fig. 10. The contribution of various jump sizes as measure@ [see Fig.
=" 10 E -] 9(a)] to the total trajectory for a single methane penetrant in amorphous
5 ; —i PET at different temperatures. The averaging interval in the filtering
4% E 3 process was 15 ps at 450, 500 and 525 K, 5 ps at 575, 625 K.
L e L A
35 (b) jumps largely remain. This can be tested by comparing the
30 F d filtered trajectory with the trajectory generated via Eq. (1).
?:E 25 F E With a proper choice of interval, the filtered trajectory
N 20F E follows the latter but with a vertical offset due to the missing
% 15E E cage motion. A diffusive jump is defined as the change of
Vo oloE 3 averaged position of the penetrant from one interval to the
5 3 E next. The magnitude of a penetrant jurmyi), from interval
N i — 1 to intervali is found from
0 500 1000 1500 2000
t (ps) i =|<r> —<r;>F )

Fig. 9. (a) Temporal history of diffusive jumps for methane in the LCP at
450 K. The squared penetrant displacemériﬂs computed between succes-
sive positional averages with 20 ps averaging interval. (b) The diffusan

A temporal history, deduced in the manner above, of diffu-
¢ Sive jumps is illustrated for methane in the LCP in Fig. 9.

trajectory (open squares) reconstructed from the filtered jumps of (a) AlSO shown is the trajectory reconstructed from just the

compared with the actual trajectory (solid curve).

diffusive jumps.
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Fig. 11. The contribution of various jump sizes as measure[f ity the

total trajectory for a single methane penetrant in the LCP at different
temperatures. The averaging interval in the filtering process was 10 ps at
500 and 530 K, 20 ps at 450 and 425 K.

Since the collection of diffusive jumps is expected to be a

random walk the total mean-square penetrant dispacement

is given by the sum of the squared jump displacements [6],
(R) = > irp(i)?

The temporal history of squared diffusive jump magnitudes,
rS, as given by Eq. (2), can be sorted in order of size and
placed in size interval bins to arrive at a distribution of jump
size contributions to the total trajectory. The contribution of
various diffusive jump lengths to the trajectory at the
temperatures at which diffusion was studied are shown for
PET in Fig. 10. The low temperature cage to cage hopping
regime is characterized at 450, 500 and 525 K by a distribu-
tion that is centered in the region of roughly 4 Fhe latter
distance is also approximately tlsediameter of the pene-
trant. At 575 K the distribution is still largely in this range
but has noticeably broadened with some longer jumps now
apparent. Finally, the onset of the high temperature regime

)
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of very long jumps. This onset at the highest temperature
point is not yet seen in the activation energy (Fig. 6). The
latter appears to still be Arrhenius with no evidence yet of
the high temperature drop-off. The results for PEN, not
shown here, are similar to those for PET. The jump length
distribution remains in the low temperature regime even at
625 K.

Jump length distributions for the HBA/HNA LCP are
shown in Fig. 11. The distributions are all characteristic of
the low temperature cage-to-nearby cage hopping regime.

From all of the above, it is to be concluded that the
mechanism for all three polymers, as judged from the
jump behavior, essentially remains in the low temperature
regime over the MD temperature range studied and confirms
the reason for success of the Arrhenius extrapolations to
near room temperature.

3.5. Free volume correlation

The free volume concept has been widely invoked in
interpreting diffusion. From previous simulation results on
the hydrocarbon polymers PE, aPP, RiB;PBD and aPS it
was found [8] that the diffusion coefficient for methane
correlated well with the free volume obtained from the
simulations. It is of interest to see if such a correlation
extends to the polymers studied here. The fractional free
volume accessible to a probe sphere of radRjsnserted
in the polymer was computed at 400 K for the three poly-
mers investigated. In Fig. 12 the results are compared for
these and the five polymers considered previously.

The intercept aR = 0 of a curve in Fig. 12, is the total
fractional free volume in that polymer. The latter quantity

0.5

TT T T T

LI L L B ¥

fractional free volume

PRI ST S RN S T SN NN N S T S SO SO S TR S S S N

I A SRS B

0.5

0.0
0.0

1.0
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Fig. 12. Fractional free volume distribution with respect to probe sphere
radius for different polymeric hosts at 400 K as obtained from MD simula-

is evidenced at 625 K by extreme broadening and appearanceion.
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-8.0 size increases, the curves for PET and PEN rather quickly
. o cross over the ones for PIB and aPS. At 0.foAexample,
85F PE& g . with the exception of vectra the curves do establish the
E cis-PBDj
9.0[ P " aPP ~ proper order with respect to diffusion coefficient. In any
o : PIB, ] event, perhaps the proper conclusion is that a very simple
g 95 ps * E unadorned notion such as total fractional free volume is not
g 100EF : . 3 likely to be useful across a wide variety of chemical struc-
o0 s Y 1 tures.
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