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Molecular dynamics (MD) simulations have been used to study bulk atactic polystyrene (aPS). A united- 
atom non-bonded potential is calibrated for the aromatic-ring carbons, which, along with previously 
determined non-bonded functions, results in a good representation of pressure-volume-temperature 
relations for aPS. Experimental X-ray scattering data for glassy aPS are well reproduced in simulation. 
Packing features in the glass are discussed in terms of various site-site radial distribution functions. 
Diffusion coefficients for methane as an example of a small-molecule penetrant are determined as a function 
of temperature in the range 380-550 K. The values from simulation when extrapolated to room temperature 
via an Arrhenius plot are found to be consistent with experimental values for the similar gas COz at that 
temperature, thus implying that the glass transition in the matrix has little effect on the diffusion. The 
temperature behaviour of the diffusion coefficients as well as the detailed jump behaviour of the penetrant 
indicate that the diffusion mechanism corresponds to hopping from site to site in a solid-like medium over 
the temperature range studied. The lack of effect of the glass transition on diffusion is rationalized in terms 
of the mechanism already being hopping in a solid-like medium well above Tg. Diffusion is the slowest in 
aPS of any of the polymeric matrices studied so far by MD simulation. This correlates well with the fractional 
free volume found, which is also the lowest yet found in the polymeric matrices. Copyright © 1996 Elsevier 
Science Ltd. 
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I N T R O D U C T I O N  

Molecular dynamics (MD) simulations have become a 
practicable tool for studying the structure and properties 
of  bulk amorphous  polymers 1'2. For  example, they have 
been effective in reproducing equation-of-state or 
p ressure -vo lume- tempera tu re  (PVT) properties and in 
understanding the substantial differences in the packinff 
efficiencies of  a number  of  hydrocarbon polymers 
These include polyethylene (PE), polyisobutylene (PIB), 
atactic polypropylene (aPP) and polybutadienes (PBD). 
Diffusion of small penetrant molecules in a polymeric 
host is another  property that has been successfully 
studied 4 6. In the present work, these studies are 
extended to atactic polystyrene (aPS). This polymer has 
probably  been the most  experimentally studied of all of  
the amorphous  polymers. It  is also fairly complicated in 
a chemical structural sense. Thus PS is an important  test 
example for the ability of  M D  simulations to reproduce 
the salient features of  bulk amorphous  polymers. Static 
structures for aPS have been constructed via simulation 
using energy minimization 7'8. M D  has been used to 
generate structures and to study the packing features that 
are experimentally accessible in scattering experi- 

910 ments ' . In this work we use M D  to generate PVT 
properties, and to study the structural features of  the 
packing and also small-molecule-penetrant diffusion. A 

* To w h o m  cor respondence  shou ld  be addressed  

preliminary account of  aPS V - T  curves was recently 
reported in the context of  their use in locating glass 
transition temperatures in a number  of  polymers 11 . 

Our approach follows very closely our previous 
work 3-6, especially that on atactic polypropylene 
(aPP) 5. The aromatic-ring C - H  group represents for us 
a new structural entity, for which non-bonded potential 
parameters  need to be calibrated. As before, the 
experimental isobaric V - T  curve, isothermal P - V  
curve and cohesive energy density are used as guides in 
this endeavour. Then the packing features are examined 
in terms of  site-site radial distribution functions. The 
diffusion of  methane, as an example of  a small-molecule 
penetrant, in the aPS host is studied. The results are then 
related to the diffusion behaviour of  methane in other 
polymer hosts that we have previously studied. 

S I M U L A T I O N  DETAILS  

Polystyrene representation 
The polystyrene (Figure 1) simulated consisted of a 

single molecule of  80 monomer  units. The - C H  2-  units 
were represented by 'anisotropic united-atom'  (AUA) 
groupsl~as was done previously by us 3 6. The aromatic- 
ring C ( a r ) - H  group was also a united-atom group. As in 
our work on aPP, the main-chain > ( C - H ) -  group was 
represented by explicit atoms. This was done because the 
relative number  of  hydrogens is small and the potentials 
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Figure I Represen ta t ion  of  aPS. The a r o m a t i c  > C(ar )H and  the 
- C H 2 -  eentres are united atom. The aliphatie > ( C H ) -  eentres are 
explicit  C, H atoms  

are already available. The stereo configurations of  the 
phenyl groups were generated at random so that the 
meso and racemic dyad content was near equality. 

Molecular dynamics details 

Procedures previously invoked by us were 
followed 3 6. All of  the simulations dealing with P V T  
relations were generated using constant particle number, 
pressure and temperature (NPT) dynamics. The Nos6 

13 method was used . The pressure inertial parameter  
4 2 3 W was set to 10 a tms  m - and the thermal inertial 

parameter  Q was set to 10 1 5 J s 2 .  The time step was 
taken as 0.5 fs. This relatively small value was occasioned 
by the inclusion of  the explicit hydrogen, with its 
at tendant small mass, at the main chain > ( C - H ) -  

group 5. The diffusion runs were conducted under 
effectively N V T  conditions at volumes established by 
N P T  results. Constant  V was achieved by invoking a 
large inertial parameter  W. 

The packed system was initially created by placing the 
chain in an all-trans conformation into a very large 
periodic box. The box was shrunk under N P T  dynamics 
at high temperature until the box size stabilized. Other 
temperatures were obtained by cooling. 

The computat ions were carried out on IBM RS6000/ 
560 o r /370  workstations. The CPU time was 0.08 s per 
time step. 

For  the melt temperatures studied (380, 413,463, 500, 
550 K), volume equilibration as evidenced by the volume 
being constant vs. time was achieved by at most 300 ps, 
although the equilibrations were carried out to 1 ns in the 
case of  the three lower temperatures. 

The structural characterization in terms of radial 
distribution functions was carried out on the glass at 
300K. This glass was prepared by cooling from 
intermediate-temperature isothermal equilibrations at 
350 and 330K. The glass was equilibrated for 1.5ns 
before the M D  sampling. The latter was carried out at 
100 ps intervals over 1 ns. The glass specific volume was 
found to be 0.949cm 3 g- l .  

The volume vs. time plots at a number of  tempera- 
tures, including for both melts and glasses, were reported 
separately in connection with locating the volumetric 
glass transition temperature 11. 

Potential functions 
The potential function constants used are listed in 

Table 1. The bond stretching constants were selected on 
the basis of  spectroscopic values, but all were reduced by 
a factor of  4 in order to increase the time step. For  C - C  

Table 1 Poten t ia l  funct ions"  

Func t ion  Cons t an t s  

C C bond  s t re tch energy = ½ k R ( R  - R0) 2 
C - C  k R = 663 R0 = 1.54 
C(ar)  C k R - 6 6 3  R 0 = 1 . 5 0  
C(ar)  C(ar)  k R - 1100 R 0 = 1.39 
C - H  (in > C H - )  kR -- 663 R o = 1.09 

Bond  bending  energy  = ½ko(O - 00) 2 
C - C  C k o = 4 8 2  0 0 =  111.6 ° 
C - C - H ,  C C C(ar),  C(ar)  C H, C - C - C ( a r )  ko - 482 00 - 109.47 ° 
C(ar)  C(ar)  C(ar)  ko = 602 00 = 120.0 ° 

Tors iona l  po ten t i a l  a b o u t  - C - C -  
½ 1,5[1 + cos(3q~)] V 3 - 13.4 

Tors iona l  po ten t ia l  a b o u t  C C(ar)  
½ 1,~[1 + cos(60)] 1/3 = 2.06 

Tors iona l  po ten t i a l  a b o u t  C(ar)  C ( a r ) -  
½ 1,~[1 + cos(Z0)] V2 = 108 

N o n - b o n d e d  potent ia l ,  Lennard-Jones  6 12/' 
C H  2 ( A U A )  e = 0.686 Rmi n = 3.94 

> C(ar )H ( A U A )  c e -- 0.536 Rmi n = 4.22 
> C < (in > CH ) (explici t  a tom)  J e = 0.397 Rmi n = 3.872 
H (in > C H  ) (explici t  a tom)  d e = 0.041 Rmi n = 3.37 
CH4 (UA)  e - 1.18 Rmi n = 4.27 

cr - 3.51 d = 0.42 
cr - 3.76 d - 0.0 
cr = 3.45 
c~ = 3.00 
cr 3.80 (d = 0) 

a Energies  in kJ  mol  l, d is tances  in ,~, angles  in r ad ians  ( shown above  in degrees). Unless  o therwise  noted,  the poten t ia l s  are f rom refs 3 and  5 
b Fo r  the CH2 group,  the po ten t i a l  is o f  the A U A  (aniso t ropic  un i t ed -a tom)  type; the in te rac t ion  centre  is offset f rom the C a t o m  by the dis tance  d 
a long  the bisector  o f  the C C - C  angle  in the d i rec t ion  of  the hydrogens ;  f rom ref. 3. F o r  the phenyl  ring, C(ar)  H was  t aken  to be A U A  bu t  d = 0.0 
was found  to give good  results  and  thus is ac tua l ly  U A  (uni ted a tom);  the me thane  po ten t i a l  is un i ted  a tom,  UA;  e is the well depth;  Rmi n the d is tance  at  
the m i n i m u m ;  ~r is the d is tance  at  the energy  zero 
c Pa rame t r i zed  in this  w o r k  
a F r o m  ref. 5 
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and C - H  the values were the same as previously 
employed 3'5. For  the aromatic-ring bonds, C(ar)-C(ar),  
a value from the MOLBD3 force field 14 was used (these 
parameters are available in the P O L Y M E R  module in 
the SYBYL simulation software of  the Trios Co., St 
Louis, MO) and attenuated by 4×. For  the C-C(ar)  
bond attaching the ring to the chain, the aliphatic C - C  
force constant was used, but the relaxed length was 
shortened appropriately. The C - C - C  angle bend func- 
tion is the same as previously used 3'5. The same force 
constant was invoked for all of  the bends involving 
aliphatic carbon as the centre atom. However, the exact 
tetrahedral value for the relaxed angle was used rather 
than the larger value that obtains in a C - C - C  sequence. 
The C(ar) -C(ar) -C(ar)  bend force constant was taken 
from the MOLBD3 force field. The torsional potential 
about  - C - C -  is the same as previously used 3'5. The 
aromatic ring planarity is accomplished via a two-fold 
rotational potential. The barrier is from the MOLBD3 
force field. The intrinsic C - C ( a r ) -  torsional barrier is 
considered to be very low. It is essentially zero 
in toluene 15. However, when attached to the 
aliphatic carbon main chain, non-bonded interactions 
cause a substantial barrier 16. The united-atom formula- 
tion decrease these and a modest barrier is invoked 
explicitly. 

The - C H  2 AUA non-bonded potential has been 
used previously 3'5. The C and H explicit-atom potentials 
in the > ( C - H ) -  group are the same as used in aPP 5. The 
united-atom C(ar) H group in the aromatic rings was 
calibrated here. It was assumed to be of the AUA type. 
The e and a parameters were adjusted by calculating the 
volume and cohesive energy density at 413 K for several 
assumed fixed values of the AUA offset d. It was found 
that a better representation of  the V - T  curve as well as 
the cohesive energy density could be effected for small 
values of  d than for larger ones (in the range of several 
tenths of an fingstr6m). Thus the value d = 0.0 was 
selected and the e and a parameters adjusted for this 
d value. 

Diffusion 
Methane was chosen as the penetrant to conform with 

our earlier studies on diffusion in a number of other 
polymers 4 6. A single penetrant was used at higher 
temperatures (463, 500, 550 K). To improve the diffusion 
statistics, four penetrants were used at 380 and 413 K. 
After NPT volume equilibration, the penetrants were 
introduced in the periodic box of  dimensions determined 
by the volume equilibration. At the low penetrant 
concentration involved (one or four particles in 720), 
the density error involved is minor. The penetrant- 
containing systems were re-equilibrated for several 
hundred picoseconds before collecting diffusion data. 
The diffusion coefficient was determined from one-sixth 
of  the slope of  (R2p) vs. time, where Rp is the distance 
moved by the penetrant from the t = 0 origin. The 
averaging implied in (R 2) is accomplished by the usual 
practice of  starting new origins (in this case every 1 ps) 
along the trajectory 17 and by averaging the multiple 
penetrant trajectories in the appropriate cases. The 
trajectories were continued until the diffusional slope 
was clearly separable from both the early-time cage effect 
and the later-time noise associated with disappearance of  
multiple trajectories near the end of  the run. 

RESULTS A N D  DISCUSSION 

P VT results 
The properties used in calibrating the aromatic-ring 

non-bonded C(ar)H united-atom potential are con- 
sidered first. The volume vs. temperature for aPS melts 
is shown in Figure 2. Also shown are experimental results 
from the compilation by Zoller TM. The agreement 
between them is good. The solubility parameter t5 was 
calculated from 6 = ( A E / V )  1/2, where AE is the 
cohesive energy and V is the volume. The cohesive 
energy was taken to be the intermolecular non-bonded 
energy 3. The solubility parameter was found to be 
17.8 Pa 1/2 at 300 K and 16.3 Pa 1/2 at 413 K. Experimental 
values of 6 from the compilation by Grulke w are 18.5 4- 1 
at 300 K and 15.6 Pa 1/2 at 413 K. Considering the scatter 
in reported values, the agreement is satisfactory. This 
assessment is to be tempered by the realization that the 
experimental values tend to be indirectly determined, 
such as via swelling experiments. Nevertheless, repro- 
ducing the solubility parameter behaviour is encouraging 
with respect to proper calibration of  the non-bonded 
potential. 

A pressure vs. volume isotherm at 500 K is shown in 
Figure 3. Experimental results are also shown TM. It is 
observed that the agreement is good. 
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Structural characterization 
In this section, some of the structural features 

concerning the intermolecular packing and the internal 
structure are addressed. This is done chiefly through 
various site-site pair correlation functions. There are 
experimental data concerning the overall structure from 
wide-angle X-ray scattering measurements 2°. This is 
taken up first. 

Comparison with X-ray scattering experiments. 
Scattering experiments measure intensity as a function 
of scattering vector q. Simulations can accumulate, via 
sampling the atom positions, radial distribution func- 
tions (RDFs) that express the probability of finding 
another centre of  a specified type at a distance R from 
a given centre type. After subtracting the independent 
scattering from the atom centres to form a reduced 
intensity function, the experiments are related to the 
simulations in a straightforward manner via Fourier 
transforms of  the radial distribution functions 9'2°-22. 
Experimentally, the q-dependent reduced scattering 
intensity I(q) is found from the corrected scattered 
intensity Icorr(q) and atomic scattering factors f/(q) as: 

I(q) = klcorr(q ) - Z f . 2 ( q )  (1) 
i 

where k is a normalization. In terms of  atomic positions, 
I(q) is given by9'22: 

I(q) = -Jo dr47rr2[x2fc(q)2hcc(r) 

+ 2XcXnfc (q)Jh (q)hcH (r) 

+ xZft t  (q)Zhvt n (r)] sin(qr) (2) 
qr 

where the h(r) functions are net radial distribution 
functions, h(r) = g(r) - 1, where g(r) is a radial distri- 
bution function. The funct ionsf(q)  are atomic scattering 
factors and fi the average density. 

Pair radial distribution functions gcc(r) ,  gcH(r) and 
gHH(r) were determined in MD runs on the glass at 
300K. In accomplishing this for the gci4 and gnu 
functions, the hydrogen positions at CH 2 and 
C(ar ) -H were determined by geometric construction. 
The g functions were used in equation (2), along with 
atomic scattering factors fc(q)  and fH(q) taken from 
Alexander 21, to calculate the reduced intensity I(q). The 
calculated and experimental q-weighted reduced inten- 
sity functions qI(q) are compared in Figure 4. It may be 
seen that the agreement is good. Mondello et al. 9 also 
obtained good agreement between their united-atom 
MD simulation structure of PS and the X-ray scattering 
data. 

Structural features of  the packing. The complete 
radial distribution function, which includes distances 
between all carbon centres as well as the explicit hydro- 
gen at > ( C - H ) - ,  but no constructed hydrogens as 
were used in computation of  the X-ray scattering inten- 
sity above, is shown in Figure 5. Also shown there is 
the distribution function resolved into inter and intra 
components. The classification of the distances as inter 
or intra in a single chain system has been described 

simulation 
o experiment 

, i L I i r i I i i i I i i i I i i L I i , , 

0 2 4 6 8 10 12 
q,A -1 

Figure 4 The X-ray scattering intensity, weighed by q, vs. q, from MD 
simulation compared with experiment. The data are from ref. 20 
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Figure 5 The overall radial distribution function g(r) vs. r. It is also 
resolved into intermolecular and intramolecular components 
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Figure 6 Site-site pair distribution function for aliphatic carbons (and 
therefore main chain) to aliphatic carbons. It is also resolved into 
intermolecular and intramolecular components. The intermolecular 
trans conformation end atom separation is labelled (T) as is the 
corresponding gauche distance (G). The end atom distances for TT  and 
TG sequences are also labelled. 

previously 3. The g(r) based on main-chain C--'C pairs, 
including both CH 2 and > (C H) types, are shown 
in Figure 6. Functions for the phenyl-ring C(ar) atoms 
are displayed in Figure 7. 
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In Figure 6, peaks appearing at distances correspond- 
ing to the terminal a toms in trans (T) and gauche (G) 
conformations are labelled in the C" .C g(r). The peaks 
indicate a higher trans populat ion than gauche. From 
peak height alone the T/G ratio is approximately 60/40. 
Since the gauche peak should be expected to be some- 
what  broader  than the trans, owing to torsional 
oscillations being ineffective in changing the distance in 
the trans, this ratio is probably an overestimate. F rom 
direct sampling of the torsional angle values during 
simulation, the T/G ratio was found to be 0.55/0.45. Also 
labelled in Figure 6 are distances corresponding to TT 
and TG sequences. The peaks are consistent with 
comparable  trans and gauche populations. The static 
simulations by Khare  et al. 7 and Rapold et al. 8 reported 
trans and gauche populations similar to the ones found 
here. 

The phenyl-ring aromatic  carbon g(r) functions in 
Figure 7 show two peaks in both  the intra and inter 
functions. The shorter distance, 4 .5-5 .0A,  corresponds 
to the closest individual contacts between aromatic  
carbons on different but nearby rings. The feature at 

6 A  is presumably due to the slightly more distant 
remaining atoms in the ring. The fact that the intra 
function shows these features prominently implies that 
conformations that bring adjacent rings near each other 
are common.  This corresponds to conformations 
generating four bond 'af  interactions in the language of  
rotational isomeric state models 23. Thus apparently 
TT sequences in meso dyads and TG sequences in 
racemic ones are common.  As already noted above the 
populations found are consistent with this. It  has 
long been appreciated that the phenyl...phenyl a~ inter- 
actions are much less sterically severe in aPS than the 
methyl..-methyl interferences in its counterpart ,  aPP 16'24. 
In fact they appear  to be attractive, rather than repulsive, 
in molecular mechanics calculations that do not include 
the solvating effect of  a bulk medium 24 26. The principal 
reasons for these facts are that the fiat surfaces of  the 
phenyl rings provide opportunity for coordination of  the 
rings and also that the van der Waals 'half-thickness' of  
the 7r cloud of the phenyl ring is substantially less than 
the van der Waals radius of  a methyl group. 

Turning to the intermolecular packing, it may be 
seen in Figure 5 that the overall intermolecular g(r) is 
rather featureless. The g(r) based only on main-chain 
carbons, in Figure 6, is somewhat  more revealing in 
that it appears to have a broad feature in the ~ 11 A 
region. At this point a comparison of the interchain 
features with the behaviour found in other systems is in 
order. In Figure 8 previous 5 interchain g(r) functions 
based on main-chain C-'-C pairs for PE, aPP and PIB are 
compared  with aPS. In the simplest case, PE, the 
interchain function has a prominent  maximum at slightly 
more than 5 ,~. This has been attributed to the neighbour 
spacing in a rough model where the chains pack locally 
as parallel cylinders 3'27'28. The second-neighbour spacing 
is even discernible at ~ 10 A. For  the other chains the 
interchain spacings are less prominent  but nevertheless 
appear  to be discernible as marked in the figure. Since all 
of  the chains have two main-chain carbon atoms per 
repeat, the interchain spacings are expected to increase 
with the carbon atoms in the repeat unit as 
PE ~ aPP ~ PIB ~ aPS, and this is observed. 

The contacts between chains are of  interest. These can 
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Figure 7 Site-site pair distribution function for aomatic carbons (and 
therefore phenyl ring) to aromatic carbons. It is also resolved into 
intermolecular and intramolecular components 
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Figure 8 Comparison of intermolecular site site main-chain carbon 
atom C---C distribution functions for PE, aPP, PIB and aPS. The data 
for the first three are from ref. 5. Approximate chain-chain spacings are 
marked by vertical bars 
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Figure 9 Site-site pair function for side-group atoms to any other 
atom, main chain or side group, compared for aPP, PIB and aPS. For 
aPP and PIB the side groups a r e  - C H  3 groups, while for aPS they are 
phenyl-ring carbons. PE is also shown for comparison, same data as in 
Figure 8 

be expressed in an intermolecular distribution function 
based on the distance between pendent centres, - C H  3 
(for aPP, PIB) or C(ar) (for aPS) and any other type of  
centre. These functions are compared in Figure 9. 
Features corresponding to the close contact between a 
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Table 2 Fractional free volumes in polymeric hosts at 400 K 

Polymer F F V  Ref. 

PE 0.420 5 
aPP 0.415 5 
PIB 0.355 5 
cis-PBD 0.463 6 
aPS 0.317 this work 

10 

9 

I I  

r,.)= 6 

0.02 0.04 0.06 0.08 0.1 
l/n 

Figure 10 Characteristic ratio for aPS plotted against l/n, where n is 
the number  of  bonds in a connected sequence. The line indicates the 
extrapolation to the high-molecular-weight limit. The simulation data 
are at 400 K 
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Figure 11 The self-diffusion coefficient of  methane in aPS plotted in 
log D vs. 1/T form, as determined from M D  simulation. Also shown are 
experimental data for CO2 in aPS, ref. 30 

pendent centre and another  chain are marked as vertical 
lines. It  may be seen that P1B has the closest contact 
distance. The distances in aPP and aPS are nearly the 
same. The fact that the PIB curve falls below the aPP 
curve at these distances is attributed to the greater chain 
thickness in the latter depleting the interchain contacts. 
This latter effect is not observed for aPS and is presumed 
to be due to the greater number  of  pendent group centres 
and their close proximity due to intermolecular inter- 
leaving. 

Free-volume analysis. The free volume was defined as 
that volume not enclosed in van der Waals spheres about  
the constituent centres. The sphere diameters were taken 
as the ~r values listed in Table 1. The free volume was 

determined by sampling the system at intervals when a 
large number of  points were inserted at random in the 
simulation box. The fractional free volume is the fraction 
of  such points that lie in unoccupied space. The frac- 
tional free volume was found to be 0.335 at 413 K and 
0.387 at 450 K. The value at 400 K by linear extrapola- 
tion is 0.317. Values at 400 K found for aPS and for other 
polymers by the same procedure in previous 
simulations 3 6 are shown in Table 2. aPS has the smallest 
fractional free volume of  any of the polymers studied by 
us so far. 

Characteristic ratio. Another molecular feature of  
interest is the characteristic ratio. This is defined 23 as 
C n = (R2)/nl 2 where (R 2) is the mean-square end-to- 
end distance, n is the number of  main-chain bonds and l 
is their length. Experimental values in the high-molecu- 
lar-weight limit are available. In simulation, inter-centre 
distances that are greater than half the box size are not 
reliable due to artifacts introduced by the periodic 
boundary conditions. However intramolecular main- 
chain a tom separations R 2 can be accumulated as a func- 
tion of separation n =[ i - j  I and extrapolated against n. 
The valid range of  n is high enough that a meaningful 
value of  C , _ ~  can be obtained. The result is shown in 
Figure 10 where a value of  C~ of ~ 10.2 is indicated. 
The reliability with respect to the extrapolation itself is 
probably of  the order 5:0.3. Experimental values of  
10.0 and 9.5 have been tabulated 2~29. 

Diffusion 

Simulation results. The self-diffusion coefficients of  
methane in aPS at five temperatures (380, 413, 463, 500 
and 550K) are shown in a log D vs. 1/T plot in Figure 
11. The plot is linear within the reliability of  the data 
with an attendant activation energy of 4 9 k J m o l  1. 
Also shown in Figure 11 are experimental data for CO2 

aPS m the v~cmtty of  room temperature. as penetrant in 3o . . . .  
The latter gas diffuses 1.5-2 times faster than CH 4 in sev- 
eral polymeric hosts and with an activation energy 4 -  
8 kJmo1-1 smaller 3°. The dashed line extrapolation in 
Figure 11 gives a room-temperature  diffusion coefficient 
for CH 4 that is three times smaller than that for CO2. 
Thus it appears that Arrhenius extrapolation of the 
M D  results is consistent with experimental results in 
the glass at room temperature. The inference that the 
glass transition does not have a direct effect on the diffu- 
sion is an important  consideration, and has been the 
subject of  earlier investigation and comment  3°. We 
return to this question after discussing the diffusion 
mechanism in more detail below. 

Diffusion mechan&m. It is important  to put the 
penetrant diffusion behaviour in aPS into context with 
that found in other systems. A summary of previous 

4 6 • . simulation and experimental results is given m 
Figure 12. Both in previous simulations and experimen- 
tally there is a tendency for the diffusion coefficients of  
small-molecule penetrants like methane to have an acti- 
vation energy at lower temperatures in the range found 
for aPS. However, there is also a tendency, if the tem- 
perature range is wide enough, for the Arrhenius plot 
to be curved and for the activation energy to decrease 
at higher temperature. PE, aPP and cis-PBD are examples 
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Figure 12 Summary  of  small-penetrant diffusion coefficient behaviour 
for cis-PBD, aPP, PE, PIB and aPS. The points are from M D  
simulation and methane is the diffusant in all cases. The thin curves 
smooth  the M D  data. The heavy lines are experimental data: the 
diffusants are marked,  but  are either N 2 or CO 2. The data  marked aPP/ 
E are for ethylene/propylene copolymers. The heavy dotted lines are 
experimental data  f rom a variety of  sources for methane in PE. The 
latter data have been corrected for crystallinity, see ref. 4. See refs 4 - 6  
for sources of  the data 
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Figure 13 Temporal  j ump  map  for a single penetrant  in aPS. The 
squared displacement r2p is computed between successive positional 
averages. At  413 K the averaging interval is 32 ps and at 450 K it is 16 ps 

where this more complex behaviour occurs. Compared 
to these three polymers, penetrant diffusion in PIB is 
considerably slower at the same temperature. Only slight 
curvature in the plot is observed. In aPS diffusion is 
slower still, which is consistent with Arrhenius behaviour 
over the entire range studied. 

In our previous work we have ascribed the curvature 
of  the Arrhenius plots and drop in activation energy to a 
gradual change in the mechanism of  diffusion as 
temperature increases. At low temperature the diffusant 
tends to be trapped for long periods in a cage of  solid-like 

0.12 i ° i i i i ; i 

0.1 413 K 

0 0 8  . ~ 
.= 0.06 . 

~ °o o o 550K 
, . .~ 0 . 0 4  .' o 

.=_, 
0 . 0 2  

0 1 2 3 4 5 6 7 8 
j ump  length, A 

Figure 14 The distribution of j ump  lengths for a penetrant  in aPS at 
various temperatures. The averaging interval is 8 ps at 500 K and 4 ps at 
550K. The curves serve as a guide to the eye and were created by a 
smoothing spline 

surrounding polymer. Occasional large jumps to new 
sites take place. At higher temperature the jumps become 
more frequent until they are not well resolved with time 
and the movement is a more liquid-like scattering 
process. We have used two diagnostic measures of  this 
behaviour 4. One is to plot the jumps vs. time. The other is 
to determine a jump-length probability distribution. 
Both require filtering out the 'noise' associated with cage 
motions. This is done by computing the average position 
of  the diffusant over a time interval. If the interval is 
chosen long enough, the noise is filtered. If  it is short 
enough, consecutive intervals define a trajectory that 
captures most of the motion connected with diffusive 
movement. 

A time-resolved jump map is shown in Figure 13 for 
two temperatures. At 413K it is clear that the low- 
temperature solid-like hopping process is operative. At 
463 K even though the jumps are much more frequent 
they are still well resolved, indicating that the hopping 
region is still operative. The jump-length distribution is 
shown in Figure 14. At 413K and even at 500K the 
distribution is fairly sharply peaked. By 550K the 
distribution has broadened and the average jump size 
has increased considerably. This indicates a transition to 
the more liquid-like region of diffusive motion. In Figure 
15 jump-length distributions for PE, aPP and PIB at 
400K are compared to the 413K aPS distribution of  
Figure 14. At similar temperatures, aPS and PIB, the two 
slow diffusion media, show comparable behaviour and 
the faster non-Arrhenius diffusion media PE and aPP 
have broader distributions with much longer average 
jump lengths. 

Effect of the glass transition. The influence of the host 
glass transition on the diffusion rates of  small penetrants 
has been the subject of  previous interest 3°. Early work 3] 
on gases in poly(vinyl acetate) (PVAc) indicated that dif- 
fusion in the glass was faster rather than slower with 
smaller activation energy than given by Arrhenius extra- 
polation from above Tg. However, other work 32 on a 
variety of gases in poly(ethyl methacrylate) showed no 
effect at all of  going through Tg on the Arrhenius tem- 
perature behaviour. The MD behaviour found here 
appears to be consistent with this latter behaviour. The 
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Figure 16 Free volume and diffusion. The logarithm of the diffusion 
coefficient at 400 K for PE, aPP, PIB, cis-PBD and aPS plotted against 
fractional free volume at the same temperature 

l ack  o f  effect  o f  Tg on  the  t e m p e r a t u r e  d e p e n d e n c e  o f  
s m a l l - p e n e t r a n t  d i f fus ion  can  be  r a t i o n a l i z e d  in t e rms  
o f  the  m e c h a n i s m  d i scussed  a b o v e .  

T h e  t r a n s i t i o n  in d i f fus ion  m e c h a n i s m  to the  so l id - l ike  
h o p p i n g  m o d e  t akes  p l ace  well  above the  glass t r a n s i t i o n  
in the  cases  s tud ied .  Th i s  a p p a r e n t l y  is a c o n s e q u e n c e  o f  
the  v e r y  s h o r t - t i m e  n a t u r e  o f  d i f fus ive  j u m p s  fo r  smal l  
d i f fusants .  T h e  r e d u c t i o n  in l o n g e r - r a n g e  s e g m e n t a l  
m o b i l i t y  t ha t  the  h o s t  u n d e r g o e s  in the  glass t r a n s i t i o n  
r e g i o n  a p p e a r s  to  h a v e  l i t t le  effect  on  d i f fusan ts  a l r e a d y  
u n d e r g o i n g  cage  m o t i o n  wi th  o c c a s i o n a l  d i f fus iona l  
j u m p s .  

A p r a c t i c a l  c o n s e q u e n c e  o f  the  a b o v e  is t ha t  M D  
s i m u l a t i o n s  o n  smal l  p e n e t r a n t s  ca r r i ed  o u t  at  t e m p e r a -  
tures  w h e r e  the  m e c h a n i s m  is a l r e a d y  in the  h o p p i n g  
r e g i m e  can  p r o b a b l y  be e x t r a p o l a t e d  to  l o w e r  t e m p e r a -  
tu re  even  i f  the  glass t r a n s i t i o n  in te rvenes .  

Free volume and  diffusion. F r e e  v o l u m e  is a f r e q u e n t l y  
i n v o k e d  c o n c e p t  in r a t i o n a l i z i n g  d i f fus ion  p h e n o m e n a .  
W e  h a v e  f o u n d  the  free v o l u m e  in the  p o l y m e r i c  hos t  

m a t r i x  to be r e m a r k a b l y  successful  in o r d e r i n g  the  
d i f fus ion  ra tes  fo r  the  s a m e  p e n e t r a n t  a m o n g  v a r i o u s  
p o l y m e r s  5. Figure 16 shows  log  D for  m e t h a n e  p l o t t e d  
aga ins t  the  f r a c t i ona l  free v o l u m e  at  400 K for  the  five 
p o l y m e r  hos t s  t ha t  we h a v e  s tud ied  so far  4-6. A c lose  
c o r r e l a t i o n  b e t w e e n  d i f fus ion  coeff ic ient  a n d  free v o l u m e  
is obse rved .  
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