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ABSTRACT A recently developed spectroscopic technique was used to determine oxygen diffusion coefficients, 
D, as a function of temperature in polystyrene and polycarbonate films. The data were quantified by using 
an Arrhenius expression with the following variables: (a) a diffusion activation barrier, Eaet, and (b) a diffusion 
coefficient, DO, that represents the condition of “barrier-free” gas transport. From the perspective that 
diffusion depends on free volume, the parameters Enct and DO are interpreted to reflect dynamic and static 
elements of free volume in the polymer matrix. The addition of low molecular weight solutesto these amorphous 
glasses can alter the oxygen diffusion coefficient by affecting the dynamic and/or static free volume of the 
material. These effects are manifested in the parameters Enct and DO. Depending on the temperature, the 
additive may either inhibit or facilitate oxygen diffusion relative to diffusion in the unperturbed, additive- 
free material. Data are reported for films containing dimethyl phthalate, diphenyl phthalate, cholestane, 
and molecular nitrogen as additives. 

Introduction 
Studies of oxygen diffusion in solid amorphous organic 

polymers are important from both fundamental and 
practical perspectives. The oxygen diffusion coefficient 
is a useful parameter for those interested in packaging 
materials, protective coatings, membranes for gas separa- 
tion, and polymer oxidative degradation. From a fun- 
damental viewpoint, such studies should yield a better 
understanding of the often subtle (1) interactions between 
oxygen and the polymer and (2) inter- and intrachain 
dynamics of the macromolecule. Because these latter 
phenomena manifest basic principles, data thus obtained 
should be useful in attempts to develop a molecular 
perspective for a variety of other systems. 

Models based on the concept of “free volume” have thus 
far proven effective in understanding gas mobility in glassy 
po1ymers.l-9 From this perspective, gas diffusion is 
perceived to depend on the presence of spaces in the 
polymer matrix through which the diffusing molecule can 
move. We can expand this concept by recognizing that, 
over a specific temperature range and in a given period of 
time, these spaces will be either dynamic or static. The 
former derive from ephemeral cavities created by thermally 
accessible conformational changes and segmental motions 
of the macromolecule. In defining a static cavity, we 
envision spaces in the matrix whose volume is essentially 
independent of the thermally accessible motions of the 
macromolecule. A similar distinction between types of 
free volume is presented by Kaelble’O in which the terms 
“hole” and “interstitial” free volume are used. When 
summed over the entire polymer sample, these dynamic 
and static spaces define an overall volume characteristic 
of a particular material at a given temperature. Indeed, 
the concept of free volume is an attempt to express in one 
parameter the many structural, steric, and dynamic 
parameters that influence a polymer property such as gas 
mobility.’ 

The notion that a dissolved gas molecule can exist within 
a cavity in the polymer matrix is a defining feature of the 
dual-mode sorption m~de l .~ ’ - ’~  In liquids and rubbers, 
gas sorption behaves according to Henry’s law, in which 
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the mole fraction (or concentration) of a dissolved gas 
depends linearly on the partial pressure of that gas in the 
atmosphere surrounding the sample. In amorphous 
glasses, however, isothermal gas sorption does not often 
behave according to Henry’s law, and a second pressure- 
dependent term is commonly added to the Henry’s law 
term in order to account for this deviation. This additional 
“Langmuir” term is included to describe a proposed 
population of gas molecules sorbed in the matrix cavities 
of the more rigid glassy material. Although exchange 
between the Henry domain of molecularly dissolved gas 
and the Langmuir domain of encapsulated gas is likely to 
be facile, two separate diffusion coefficients can neverthe- 
less be defined within the context of this model. Thus, 
the macroscopically observed diffusion coefficient, D, 
should reflect contributions of mass transport within the 
Henry (DH) and Langmuir (DL) domains, respectively.12 

The molecular events that control gas diffusion in a 
polymer &e thermally a ~ t i v a t e d . ’ * ~ J ~ ’ ~  Specifically, over 
limited temperature ranges, the diffusion coefficient, D, 
behaves according to eq 1. 

This expression is analogous to the Arrhenius equation. 
The exponential term thus represents the fraction of 
diffusing molecules able to surmount a diffusion activation 
barrier, Eact, a t  the temperature T. The magnitude of this 
exponential term ranges from 1.0 a t  large T to 0 a t  low T. 
The activation barrier Ea& is believed to derive principally 
from characteristic motions of the macromolecule in agiven 
temperture domain. Thus, E,& likely to manifest events 
that define the dynamic free volume of a material. These 
events may include, for example, the rotation of a pendant 
phenyl group or “breathing” modes of macromolecular 
chain segments. If In D varies linearly with 1 /T  over a 
given temperature range, i t  is typically concluded that 
the type of polymer motions and interactions that control 
gas mobility do not change within this temperature 
domain. E,, can be obtained from the slope in a plot of 
In D vs 1/T. 

In a plot of In D us 1/T, the pre-exponential factor DO 
can be obtained by extrapolating to 1 /T  = 0. A t  such 
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temperature-dependent NMR or dielectric/mechanical 
relaxation s t~dies . l~-~G Therefore, a measure of the 
diffusion coefficient as a function of temperature is 
certainly more informative than data recorded at a single 
temperature. 

The incorporation of a low molecular weight solute in 
a solid polymer often perturbs molecular phenomena that 
influence gas diffusion.6J3J4sZ7 This perturbation may 
involve (1) a simple filling of voids in the matrix and/or 
( 2 )  a change in the intra- and intermolecular interactions 
of the macromolecule, which in turn could influence 
specific polymer motions. The transport properties of gas 
molecules sorbed in the Henry domain are thus expected 
to respond to these changes differently from those of gasses 
sorbed in the Langmuir domain.13 Furthermore, the 
additive may act either to facilitate or inhibit gas diffusion 
relative to diffusion in the unperturbed, additive-free 
material. The addition of these low molecular weight 
solutes to the polymer is also often manifested in other 
properties of the material. For example, some additives, 
called plasticizers, can facilitate segmental motion of the 
macromolecule and make a rigid polymer more flexible.28 
On the basis of the preceding discussion, the addition of 
a plasticizer is thus expected to yield a larger gas diffusion 
coefficient. Conversely, an antiplasticizer hinders certain 
motions of the polymer and is thus expected to yield both 
a more rigid material and a smaller gas diffusion coef- 

Although the motions affected by the 
antiplasticizer may involve large segments of the macro- 
molecule, it appears that the influence of antiplasticizers 
derives principally from a suppression of more localized 
motions that occur below the glass transition tempera- 
t ~ r e . ~ ~  

In an attempt to  better understand the molecular events 
that control oxygen diffusion, we set out to quantify the 
extent to which a low molecular weight additive could 
change the activation barrier for oxygen diffusion. The 
data were recorded by using a previously described 
technique31 in which oxygen sorption into a polymer film 
is spectroscopically monitored. The effects of adding low 
molecular weight solutes to polystyrene and polycarbonate 
glasses were studied. 

Experimental Section 
The methods by which we quantify oxygen diffusion coef- 

ficients and prepare polymer films have been previously described 
in detail.31 In the present work, polystyrene films were prepared 
from benzene solutions by spin-casting. Polycarbonate films were 
prepared by first dissolving the polymer and the additivs(s) (e.g., 
sensitizer) in CHzClz to yield a homogeneous mixture. The CH& 
was then removed, in uucuo, and the resultant solid was pressed 
between heated platens. Except when noted otherwise, all of 
the experiments were initiated by abruptly exposing the degassed 
polymer sample to an ambient atmosphere containing only oxygen 
at 30 Torr. 

Polystyrene from three different sources was used: (I) Aldrich 
Chemical Co., average molecular weight = 280 000 (catalog 
$18,242-7) and 239 700 (catalog 618,243-5); (11) Pressure Chemi- 
cal Co., average molecular weight = 50 000; and (111) Polysciences, 
Inc., average molecular weight = 90 000 (catalog #00867) and 
650 000 (catalog 616239). 

The polystyrene was purified by first dissolving it in CHzClz. 
The material was then precipitated and washed with acetone 
and ethanol. The polymers were dried by placing them in an 
evacuated dessicator for 2 weeks. 

Poly(bispheno1 A carbonate), MW = 32 000-36 000, was 
obtained from Polysciences, Inc. (catalog #00962), and used as 
received. Dimethyl phthalate (DMP), diphenyl phthalate (DPP), 
and cholestane were obtained from Aldrich and used as received. 
The singlet oxygen photosensitizer meso-tetraphenylporphine 
(Porphyrin Products, Inc.) was used as received. 

I 
i 

I f r  

Figure 1. Arrhenius plot for oxygen diffusion that might be 
observed over a temperature range in which several polymer 
transitions occur. In a specific temperature domain where In D 
depends linearly on 1/T, only certain polymer motions are 
thermally accessible. These motions define specific dynamic and 
static free volumes and are reflected as specific values of Eact and 
Do. 

infinitely high temperatures, gas transport can be con- 
sidered “barrier-free” [Le., exp(-Eact/RO = 1.01. This 
condition corresponds to an “imaginary” state of the 
material because the polymer will clearly not remain an 
amorphous glass a t  these temperatures. We simply 
envision a state of the polymer under conditions where all 
the diffusing molecules are able to surmount the activation 
barrier EaCt characteristic of a given temperature domain. 
From this perspective, Do will reflect the static free volume 
of the matrix for the temperature domain defined by the 
In D us UT plot. 

When transition state theory is applied to this problem, 
terms in eq 1 take on additional meaning.’ Eact will 
correspond to an activation enthalpy AH* for diffusion. 
DO will be a function of the activation entropy AS* and a 
term X that defines the distance between equilibrium 
positions for the diffusing molecule in the matrix (eq 2). 

2 kT AS’IR Do = eh -e h 

From this perspective, the pre-exponential factor DO 
contains variables that reflect both static (A) and dynamic 
(AS*)  elements of free volume. The dependence of DO on 
temperature in eq 2, however, indicates that transition 
state theory may not provide a totally accurate model with 
which the data can be interpreted. Because plots of In D 
us l / T  are indeed reasonably linear over temperature 
ranges that can be as large as 80-100 “C (uide i n f ra ) ,  it 
is likely that at  least the temperature dependence of DO 
as shown in eq 2 is incorrect. 

Elements that define a given DO and Eact clearly pertain 
only to a specific temperature domain in a glassy polymer. 
This point is illustrated in Figure 1, where different values 
of Eact and DO reflect different polymer motions that 
sequentially become accessible as the temperature is raised. 
Successive increases in Eact and DO that correspond to 
successively higher temperature domains reflect polymer 
motions that incorporate increasingly larger segments of 
the macromolecule. These changes in accessible polymer 
motions that come with a large change in temperature are 
often accompanied by noticeable morphological changes 
in the polymer (e.g., glass to  rubber transition). Activation 
barriers for oxygen diffusion obtained from data such as 
those represented in Figure 1 can be compared to barriers 
for macromolecular motion independently obtained from 
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Figure 2. Oz(alA ) phosphorescence intensity from a polycar- 
bonate film as a function of the elapsed exposure time to  an 
oxygen atmosphere of 30 Torr. The sample was a 31-wm-thick 
free-standing film. The fitting function, which is barely visible 
through the data, was obtained by incorporating eq 3 into a 
nonlinear least squares routine. 

Results and Discussion 
As described in an earlier publication,3l the technique 

we use to quantify oxygen diffusion relieson aspectroscopic 
probe in which the 1270 nm phosphorescence of singlet 
oxygen is monitored [02(a1Ag) - 02(X38,)1. Singlet 
oxygen is produced from ground-state oxygen by energy 
transfer from a photosensitizer dissolved in the polymer. 

Sens - Sens* -- 02(a'Ag) + Sens 
hu OAX'Zi) 

Thus, upon exposure of a degassed polymer film to oxygen, 
the intensity of singlet oxygen phosphorescence increases 
as the concentration of 02(X3z;) in the polymer increases 
(Figure 2). Although the proportionality constant that 
relates the photosensitized Oz(alAg) phosphorescence 
intensity to the amount (M) of sorbed oxygen can be 
determined in independent control experiments, it is not 
necessary with this technique to explicitly know the 
solubility of oxygen in the polymer. Data such as those 
in Figure 2 behave according to eq 3, where the amount 
of 02(X32-) that has entered the film a t  time t (Mt) ,  
normalized by the amount a t  time = (M-), is expressed 
as a function of the film thickness, 1, and the diffusion 
coefficient, D.31932 The diffusion coefficient, D obtained 

m Mt a -D(2n + 1)'A 
-+E M, n=O (2n + 1)27r2 ex'( 412 ) (3) 

from an iterative fit of the data to eq 3 for films of known 
thickness, 1, are independent of (1) the concentration of 
photosensitizer over the range m(O.1-1.5) X 10-3 M and 
(2) the polymer film thickness over the range - 15-90 pm. 

It is important to note several points about this 
technique. First, this approach monitors oxygen sorption 
into the polymer rather than oxygen permeation through 
the film. Thus, it is not susceptible to errors that can 
arise from pinholes in the material. Secondly, the data 
directly yield the diffusion coefficient D. It is not necessary 
to calculate D from the permeability coefficient P and gas 
solubility S (P = DS). 

1. Effect of Polymer Molecular Weight. In 1975, 
Weir quantified the effect of polystyrene molecular weight 
on the oxygen diffusion ~oe f f i c i en t .~~  He reported that, 
above a MW of -50 000, D is independent of the 

Table 1. Oxygen Diffusion Coefficients (0) as a Function 
of Polystyrene Molecular Weight (MW). 

MW D (xi071 MW D (x i07  
50 OOO 4.3 f 0.4 280 OOO 2.3 i 0.2 
90 OOO 2.7 i 0.3 650 OOO 2.1 i 0.2 

239 700 2.3 f 0.2 

Data were recorded at 25 OC. Values of D have the units cm* s-l. 

Table 2. Oxygen Diffusion Coefficients (D)  in 25 OC 
Polycarbonate Containing an Additive. 

dimethyl phthalate (DMP) diphenyl phthalate (DPP) 
?& DMP D tX1oB) ?& DPP D txl0s) 

0 5.5 0 5.5 
3.3 3.9 1.0 4.6b 
4.9 3.36 2.9 4.0 
6.2 3.7 4.8 3.9 
9.0 3.5 9.1 2.9 

17.1 2.4 

The amount of additive dissolved in the polymer is expressed as 
a weight percent. Values of D have the unib cm2 s-1. Errors are 
f10% of the value indicated. * Diffusion coefficients were also 
determined as a function of temperature for these samples. See Table 
7. 

polystyrene molecular weight. Below a molecular weight 
of -50 000, D increases as the MW decreases. According 
to Weir, the latter phenomenon most likely reflects the 
larger number of macromolecule chain end groups typically 
associated with a low molecular weight polymer, which, in 
turn, contributes to an increase in the polymer free volume. 
By using our technique, we likewise measured D for 
polystyrene samples over a molecular weight range of 
50 000-650 000. The data, shown in Table 1, are consistent 
with Weir's results and indicate that, a t  a molecular weight 
greater than -200 000, Dps does not extensivelyvary with 
molecular weight. Data recorded from high molecular 
weight 25 "C polystyrene (PS) yield Dps = (2.3 f 0.3) X 

cm2 s-l. This result compares well with what is 
available in the l i t e r a t ~ r e . ' ~ J ~ f " ~ ~  Polystyrene with a 
molecular weight of 280 000 was used in the experiments 
discussed below. 

The effect of polycarbonate molecular weight on the 
oxygen diffusion coefficient was not examined. For the 
polycarbonate (PC) used in this study (MW = 32 000- 
36 000), data recorded from 25 "C samples yield DpC = 
(5.5 f 0.5) X lo4 cm2 s-l. This result likewise compares 
well with published data.38 

2. Effect of Additives. Oxygen diffusion coefficients 
were measured a t  25 "C under conditions in which a low 
molecular weight additive was dissolved in the polymer. 
Additives chosen in this study were diphenyl phthalate 
(DPP), dimethyl phthalate (DMP), and cholestane (Ch). 
DPP and DMP were chosen because the effects of these 
and similar phthalates on other polymer properties have 
been studied, particularly in polycarbonate.29~39~40 Choles- 
tane was chosen on the basis of some independent work 
done in our lab~ratories.~' In a slightly different experi- 
ment, the effect on oxygen diffusion of adding molecular 
nitrogen to the ambient atmosphere surrounding the 
polymer sample was also studied. The data are shown in 
Tables 2-5. 

a. DPP, DMP, and Ch. The data in Table 2 indicate 
that upon the addition of as little as - 1-3 7% (by weight) 
of either DMP or DPP to polycarbonate, the oxygen 
diffusion coefficient decreases. Dpc continues to decrease 
as the amount of solute added to polycarbonate is 
increased. The data in Table 3 indicate that, upon the 
addition of a similarly small amount of either DMP, DPP, 
or Ch to polystyrene, the oxygen diffusion coefficient 
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Table 4. Oxygen Diffusion Coefficients ( D )  in 25 OC 
Polystyrene under Various Partial Pressures of Nitrogen. 

Pnitrogen (Torr) D (~10') Pnitrmen (Torr) D @lo7) 

Table 3. Oxygen Diffusion Coefficients (D)  in 25 O C  
Polystyrene Containing an Additive. 

dimethyl phthalate diphenyl phthalate cholestane 
(DMP) (DPP) (Ch) 

% DMP D (~10') 9% DPP D (x107) rl Ch D (x107) 
0 2.3 0 2.3 0 2.3 
2.7 1.4 1.0 1.4b 0.4 2.3 
5.3 1.8 2.9 1.6 0.7 2.4 
7.2 1.5b 9.1 1.4 1.4 2.4 

11.6 1.3 2.2 2.2 
13.7 1.3 3.9 I .5 
16.7 1.5 6.8 1.5 
20.0 1.3 
21.3 1.1 
23.1 1.5 
24.8 1.5 

a The amount of additive dissolved in the polymer is expressed as 
a weight percent. Values of D have the units cm2 s-l. Errors on D 
are &lo% of the value indicated. b Diffusion coefficients were also 
determined as a function of temperature for these samples. See Table 
6. 

decreases by a factor of -1.6. Unlike the polycarbonate 
data, however, further changes in Dps do not occur as the 
amount of addedsolute is increased. Furthermore, in both 
polystyrene and polycarbonate, the 02(a1A,) phospho- 
rescence intensity for a sample in equilibrium with the 
surrounding atmosphere (Le., at time = m in Figure 2) 
decreased as the amount of added solute increased. This 
latter phenomenon ultimately limited our ability to 
quantify D in -50 pm films containing large amounts of 
additive. 

These data are characteristic of the antiplasticization 
p h e n o m e n ~ n . ~ ? ~ ~  Indeed, phthalates are well-known an- 
tiplasticizers when added in these amounts to polycar- 
bonate, as reflected in other properties of the material 
(e.g., h a r d n e s ~ ) . ~ ~ ~ ~ ~ ~ ~ ~  Two separate features of the 
antiplasticization phenomenon are manifested in our data: 
(1) The decrease in the equilibrium 02(a1A,) phospho- 
rescence intensity with added solute corresponds to a 
decrease in oxygen solubility in the polymer.42 (2) The 
decrease in the rate a t  which this equilibrium condition 
is achieved with added solute corresponds to a decrease 
in D. It is important to note that solubility is a 
thermodynamic term and should not be confused with 
the kinetic terms which are reflected in D. 

In both polycarbonate and polystyrene, D does not 
depend linearly on the amount of added solute over the 
range -0-20 weight percent of additive. On the basis of 
work published by Maeda and Paul as well as Zhou and 
Stern,6J3 we suggest that these data are nevertheless 
consistent with the free-volume and dual-mode sorption 
models. Specifically, Maeda and Paul6 have shown that 
the change in polymer free volume with added solute does 
not necessarily behave in an ideal and linear manner. 
Rather, deviations from ideal behavior in the volume of 
mixing of such binary systems are reflected in the free 
volume, which in turn should similarly be reflected in the 
gas transport properties of the doped polymer. 

b. Molecular Nitrogen. The data in Tables 4 and 5 
indicate that the addition of a small amount of nitrogen 
gas to the atmosphere surrounding the polymer sample 
results in a larger oxygen diffusion coefficient. This 
nitrogen-induced increase in D is observed in both 
polystyrene and polycarbonate. Thomas et al. recorded 
a similar phenomenon in an epoxy resin.'5 Our study 
indicates that the change in D occurs a t  a comparatively 
low nitrogen partial pressure and that further increases 
in the amount of added nitrogen do not influence the data. 

0 2.3 f 0.2 290 3.8 f 0.4 
30 3.0 f 0.3 350 3.8 f 0.4 

110 3.6 f 0.4* 

The data were recorded at an oxygen partial pressure of 30 Torr. 
Values of D have the units cm2 s-l. The diffusion coefficient was 
also determined as a function of temperature under these conditions. 
See Table 6. 

Table 5. Oxygen Diffusion Coefficients (D)  in 25 OC 
Polycarbonate under Various Partial Pressures of 

Nitrogen. 

Pnitrogen (Torr) D (~10') Pnitrogen (Torr) D (~108) 
0 5.5 f 0.5 200 6.8 f 0.7 

44 6.7 f 0.7b 300 6.8 f 0.7 
130 6.8 f 0.7 

The data were recorded at an oxygen partial pressure of 22 Torr. 
Values of D have the units cm2 s-1. b Using a different sample, the 
diffusion coefficient was also determined as a function of temperature 
under these approximate conditions. See Table 7 .  

In 25 "C polystyrene and polycarbonate, the nitrogen 
diffusion coefficient is -3 times smaller than the oxygen 
diffusion coe f f i~ i en t .~?~~  Thus, upon exposure of adegassed 
film to a mixture of oxygen and nitrogen, the rate of 
nitrogen incorporation into the film will be slower than 
the rate of oxygen incorporation. Nevertheless, nitrogen 
will be present in the film, particularly in the area near 
the film surface, while oxygen is still being incorporated. 
As a consequence, the observed increase in the oxygen 
diffusion coefficient could indeed be due to nitrogen 
dissolved in the film. 

Oxygen diffusion coefficients in polycarbonate and 
poly(methy1 methacrylate) [PMMA] depend on the 
ambient oxygen pressure over the range -50-1000 
Torr.44,45 Thus, it appears that the mobility of oxygen in 
a polymer can be promoted by the presence of other oxygen 
molecules. Similarly, COZ diffusion coefficients in PMMA 
and PMMA blends depend on the C02 pressure to which 
the polymer sample is exposed.46 By extension, our data 
indicate that the increase in mobility of one gas molecule 
can also be induced by a different small gas molecule. 
Specifically, it appears that nitrogen can facilitate oxygen 
diffusion in both polycarbonate and polystyrene, perhaps 
by acting as a plasticizer. 

In both polycarbonate and polystyrene, the change in 
D with added nitrogen is analogous to that observed, for 
example, in the polystyrene/DMP case discussed above. 
Specifically, after an initial change in D with a small 
amount of additive, further changes are not observed as 
the amount of added solute is increased. Thus, these data 
may likewise reflect nonideal changes in free volume for 
the binary mixed solvent system of nitrogen dissolved in 
the polymer. However, a more definitive interpretation 
of these data, particularly with respect to the increase in 
the diffusion coefficient, can only be somewhat speculative 
without additional experimental data. 

3. Effect of Temperature on Additive-Free Poly- 
mers. a. Polystyrene. Oxygen diffusion coefficients 
were determined as a function of temperature for a 
polystyrene film containing only the singlet oxygen 
photosensitizer (Table 6). A plot of In D us 1/T was linear 
over the temperature range -5 to 85 "C and yielded an 
activation barrier for diffusion of 29.7 f 0.8 kJ/mol and 
a pre-exponential factor DO of (3.2 f 0.6) X cm2 s-l 
(Figure 3). A correlation coefficient of 0.996 was obtained 
from the linear fit to these data. These data are consistent 
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Table 6. Oxygen Diffusion Coefficients (D)  at Various 
Temperatures and the Corresponding Diffusion Activation 

Energy (Eact) for Polystyrene Films with and without 
Additives. 

T (OC) D (~107) DDm (~107) DDpp (x107) DNiwen (~10') 

-13.5 

E,& for O2 Diffusion in Glasses 7046 

Table 7. Oxygen Diffusion Coefficients (D)  at Various 
Temperatures and the Corresponding Diffusion Activation 

Energy (Eact) for Polycarbonate Films with and without 
Additives. 

I I 

- 

-14.5 1 

i -18.5 " i  
-19.5 

I '  " I '  " ' " ' " " ' " I '  " ' ' " ' 
0.0025 0.0027 0.0029 0.0031 0.0033 0.0035 0.0037 0.0039 

l r r  ( K ' )  

Figure 3. Plots of In D as a function of 1/T for oxygen diffusion 
coefficients, D, determined in polystyrene (circles) and poly- 
carbonate (squares). 

with those recently published by Guillet and Andrews.16 
At temperatures greater than 85 OC, the increase in D 
with each incremental increase in temperature is much 
larger than that observed over the range -5 to 85 "C. At  
these higher temperatures, the polymer is evolving from 
a glass to a rubber, and this transition to a more fluid 
medium is reflected in values of D. The glass transition 
temperature (T,) of polystyrene is -95 0C.47 

Independent data obtained from NMR and mechanical/ 
dielectric relaxation measurements of polystyrene in the 
temperature range -5 to 85 "C indicate that rotation of 
the pendant phenyl group is the principal characteristic 
motion of the macromolecule. Reported values for the 
activation energy of this process are -38 kJ/m01.'~J~ 
Because of the general agreement between the activation 
barriers for oxygen diffusion and phenyl group rotation, 
we suggest that a t  these temperatures phenyl group 
rotation may indeed create the dynamic cavities in 

T ( O C )  D (x108) DDm (~108) DDPP ( x l p )  DNiwen (~108) 
-5 0.91 
0 0.92 
5 1.7 

10 2.2 
15 2.8 2.9 4.1 
17 3.0 
20 3.1 3.6 
25 5.4 3.3 4.6 8.8 
30 6.4 
35 8.4 5.8 9.7 15 
40 11 12 
45 14 10 15 25 
50 17 19 
55 22 16 26 40 
60 28 31 
65 32 37 73 
70 43 
75 46 100 

Eaab 40.2 f 0.8 43.1 f 0.8 43.1 f 0.8 44.4 f 0.8 

DMP: The polycarbonate film contained 4.9% (by weight) of 
dimethyl phthalate. DPP: The polycarbonate film contained 1.0% 
(by weight) of diphenyl phthalate. Nitrogen: Measured at a nitrogen 
partial pressure of 41 Torr and an oxygen pressure of 25 Torr. D 
units are cm2 8-1. The errors reported are the standard deviation 
obtained for the slope of the Arrhenius plot. Units are kJ mol-'. 

polystyrene that control gas transport. On the basis of 
phosphorescence quenching data, Guillet and co-workers 
have likewise made the connection between oxygen 
diffusion and rotation of the pendant phenyl group in 
p01ystyrene.l~ 

b. Polycarbonate. Oxygen diffusion coefficients were 
determined as a function of temperature for a polycar- 
bonate film containing only the singlet oxygen photosen- 
sitizer (Table 7).  A plot of In D us 1/T was linear over the 
temperature range -5 to 75 "C and yielded an activation 
barrier for diffusion of 40.2 f 0.8 kJ mol-' and a pre- 
exponential factor DO of 0.5 f 0.4 cm2 s-1 (Figure 3). A 
correlation coefficient of 0.998 was obtained from the linear 
fit to these data. These data are larger than those 
published by Paul et who report E,& = 30.0 kJ/mol 
and DO = 7.13 X cm2 s-l, respectively. It should be 
noted, however, that Paul's data were obtained from 
solubility and permeability measurements made a t  only 
four temperatures. 

Independent data obtained from NMR and mechanical 
relaxation measurements indicate that rotation of the 
phenyl group in the polycarbonate backbone, along with 
attendant local segmental conformational changes, is the 
principal characteristic motion of the macromolecule over 
the temperature range -5 to 75 "C. Activation energies 
for this process obtained from mechanical measurements 
(-54 kJ/mo1)16J8 are slightly higher than those obtained 
from NMR line width analyses (-38-50 kJ/mo1).22-2P26 
The latter data are certainly consistent with the activation 
barrier of 40.2 f 0.8 kJ/mol we obtain for oxygen diffusion. 
As in the case of polystyrene, we thus suggest that a t  these 
temperatures, phenyl group rotation may indeed be the 
principal motion that creates the dynamic cavities that 
control gas transport in the polycarbonate matrix. 

4. Effect of Temperature on Polymers That Con- 
tain an Additive. a. DMP and DPP. Oxygen diffusion 
coefficients were determined as a function of temperature 
for polycarbonate and polystyrene films containing the 
additives DMP and DPP (Tables 6 and 7). Plots of In D 
us 1/T were linear with correlation coefficients that 
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Figure 4. Plots of In D as a function of l / T  for oxygen diffusion 
coefficients, D, determined in polycarbonate containing 4.9 % 
DMP (filled circles) and 1.0% DPP (open circles). The solid 
lines are linear least squares fits to the data. The dashed line 
is the linear least squares fitting function for additive-free 
polycarbonate. The data from which this line is derived are shown 
in Figure 3. 

exceeded 0.995 (Figures 4 and 5). Diffusion activation 
energies obtained from these plots are presented in Tables 
6 and 7. 

In polycarbonate, temperature-dependent studies were 
performed on a sample that contained 4.9% DMP and 
one that contained 1.0% DPP. Data obtained from these 
samples a t  25 "C indicate that the additive acts as an 
antiplasticizer, causing a decrease in the diffusion coef- 
ficient relative to that observed in the additive-free 
material (v ide supra,  Table 2). The diffusion activation 
barriers obtained for these samples appear to be consistent 
with this perspective. Specifically, values of E,& for DMP- 
and DPP-containing polycarbonate are -3 kJ/mol larger 
than EaCt for the additive-free material. However, care 
must be exercised in describing the phenomenon of 
antiplasticization or plasticization in terms of the param- 
eters Eact, D, and DO. This point is elaborated below. 

In Figure 4, the In D us l /T  plots for additive-free and 
doped polycarbonate are presented. The linear fitting 
functions have been extended to better illustrate our 
discussion. As expected from the data in Table 7, slopes 
of the DMP and DPP data are parallel and both are steeper 
than the 1nD us l/Tslope for additive-free polycarbonate. 
The DPP line, however, clearly intersects the line derived 
from the additive-free material. At temperatures higher 
than -30 "C, DPP at  this concentration results in a larger 
diffusion coefficient relative to that obtained from neat 
polycarbonate. At temperatures lower than -30 "C, DPP 
at this concentration results in a smaller diffusion coef- 
ficient relative to that obtained from neat polycarbonate. 
The slope derived from the DMP data does not intersect 
that from the additive-free material over this temperature 
range. Thus, over the entire temperature range examined, 
DMP at  this concentration results in smaller diffusion 
coefficients relative to those obtained from the additive- 
free polycarbonate. 

Our description and use of the terms plasticizer and 
antiplasticizer change when we focus on Eact rather than 
individual values of D. For both the DMP- and DPP- 
doped polycarbonate samples, Eact is larger than that for 
the additive-free material. These results may reflect an 
additive-dependent perturbation that impedes local or 
segmental motion of the macromolecule. As such, the 
additive would be called an antiplasticizer over the entire 
temperature domain for which the plot of In u s  1 '7' i- 

linear. We rather believe, however, that the results reflect 
the same phenomenon represented in Figure 1. Specif- 
ically, upon incorporation of the additive into polycar- 
bonate, motions that involve comparatively larger seg- 
ments of the macromolecule become accessible. This is 
tantamount to a phase transition induced by an increase 
in temperature as might be observed in going from a glass 
to a rubber. Because the polymer motions made accessible 
by the additive are less localized and may include a greater 
contribution from the macromolecule backbone, for 
example, Eact increases. From this viewpoint, the poly- 
carbonate data in Figure 4 reflect the general phenomenon 
of plasticization, not antiplasticization. 

The data in Figure 4 yield values of DO for the doped 
polycarbonates that are larger than DO for the additive- 
free material (DOPC-DMP = 1.1 cm2 s-1, DOPC-DPP = 1.9 cm2 
s-l, Dopc = 0.5 cm2 s-l). Within the context of the model 
described in the Introduction, these DO values reflect 
additive-dependent differences in both static (A)  and 
dynamic (AS*) properties of the polymers for the tem- 
perature range - 15-65 "C.  These results could reflect a 
phenomenon whereby the additives fill inherent static 
cavities and, in turn, cause the jump length X between 
equilibrium positions to increase relative to that found in 
the additive-free polycarbonate. This perspective would 
be consistent with that in which the additive increases 
Eact by virtue of a local restriction of accessible motions 
and, as such, would be called an antiplasticizer. As already 
discussed, however, we take a different view. We rather 
believe that the additive-dependent increase in Do reflects 
the general phenomenon of plasticization. Thus, by 
allowing motions that involve extended segments of the 
polymer to become accessible, (1) E,,, increases and (2) 
both the jump length, X, and the activation entropy, AS*, 
increase. The latter, in turn, are reflected through eq 2 
in a larger DO. 

In polystyrene, temperature-dependent studies were 
performed on a sample that contained 7.2% DMP and on 
one that contained 1.0 0;: DPP. Data obtained from these 
samples at 25 "C indicate that the additive causes a 
decrease in the diffusion coefficient relative to that 
observed in the additive-free material (vide supra,  Table 
3). The Arrhenius plot for the DMP-doped material yields 
Eact = 36.3 kJ mol-l and DO = 0.3 cm2 ssl, both of which 
are larger than those obtained from additive-free poly- 
styrene (Table 6, Figure 5).48 On the basis of the preceding 
discussion on the polycarbonate data, we suggest that these 
results are consistent with DMP acting as a plasticizer in 
polystyrene. The line corresponding to the slope of the 
DMP-doped data clearly intersects the line derived from 
the slope of additive-free polystyrene. At temperatures 
greater than -50 "C, DMP at  this concentration results 
in a larger diffusion coefficient relative to that obtained 
from the additive-free material. A t  temperatures less than 
-50 "C, however, DMP at  this concentration results in 
a smaller diffusion coefficient relative to that obtained 
from the additive-free material. 

Data obtained from polystyrene doped with 1.0% DPP 
yield an activation barrier for diffusion that does not differ 
significantly from that obtained from the additive-free 
material (Table 6). This result is not consistent with that 
obtained in polycarbonate, where the DPP-doped material 
yielded an activation barrier similar to that obtained from 
the DMP-doped material. Despite the apparent insen- 
sitivity of E,,, to this additive in polystyrene, DPP in this 
amount nevertheless effectively acts as an antiplasticizer 
in this temperature domain. This is illustrated in Figure 
5 as a line that is parallel but shifted downward relative 
t c  lhe line derived from the slope of the additive-free 
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Figure 5. Plots of In D as a function of 1/T for oxygen diffusion 
coefficients, D, determined in polystyrene containing 7.2 % DMP 
(open circles) and 1.0% DPP (filled circles). The long-dashed 
line is the linear least squares fitting function for additive-free 
polystyrene. The data from which this line is derived are shown 
in Figure 3. The solid lines are linear least-squares fits to the 
data recorded from the doped polymers. For the DMP-doped 
material, this line derives from data obtained over the temperature 
range 25-65 OC. The short-dashed line is a linear least-squares 
fit to the data for the DMP-doped material over the range 65-80 
O C .  See discussion in ref 48. 
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Figure 6. Plots of In D as a function of 1/T for oxygen diffusion 
coefficients, D, determined in polystyrene. Data shown as filled 
circles were recorded under conditions in which the polymer film 
was exposed to an ambient atmosphere containing 30 Torr of 
oxygen and 110 Torr of nitrogen. Data shown as open circles 
were recorded under conditions in which the ambient atmosphere 
contained only oxygen at 30 Torr. 

material (i.e.,  DO^^-^^^ = 0.022 cm2 s-l C Dops = 0.032 cm2 
s-1). At present, we are unable to provide an explanation 
for this phenomenon. 

b. Molecular Nitrogen. Oxygen diffusion coefficients 
were determined as a function of temperature for poly- 
carbonate and polystyrene films under conditions in which 
molecular nitrogen was a copenetrant (Tables 6 and 7). 
Plots of In D us 1/ Twere linear with correlation coefficients 
of 0.99 (Figures 6 and 7). Diffusion activation energies 
obtained from these plots are presented in Tables 6 and 
7. 

In polystyrene, oxygen diffusion coefficients obtained 
in the presence of nitrogen are clearly larger than those 
obtained in the absence of nitrogen over the entire 
temperature range examined (Figure 6). The activation 
energies obtained from these data, however, are essentially 
equal. Thus, in this temperature domain, it appears that 
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Figure 7. Plots of In D as a function of 1/T for oxygen diffusion 
coefficients, D, determined in polycarbonate. Data shown as 
filled squares were recorded under conditions in which the 
polymer film was exposed to an ambient atmosphere containing 
25 Torr of oxygen and 41 Torr of nitrogen. Data shown as open 
squares were recorded under conditions in which the ambient 
atmosphere contained only oxygen at 30 Torr. 

the presence of nitrogen in the matrix does not substan- 
tially influence intrinsic motions of the polymer that define 
the dynamic free volume. Although the Arrhenius slope 
for the nitrogen-doped polystyrene is equivalent to that 
obtained from the nitrogen-free material, extrapolation 
to an infinitely high temperature yields DO values for 
oxygen diffusion that depend on the presence of nitrogen 
(Donitrogen = 0.065 cm2 s-1 > DO = 0.032 cm2 s-l). Thus, 
nitrogen perturbs the system in such a way as to increase 
the static component, A, and/or the activation entropy, 
AS*, for oxygen diffusion. As discussed previously with 
respect to the additives DMP and DPP, dissolved nitrogen 
may fill static voids and thus increase A. Concurrently, 
the random thermal motion of dissolved nitrogen may 
also cause an increase in the available degrees of freedom 
for both oxygen and polystyrene and thus appear as an 
increase in AS*. Further experimentation is certainly 
needed, however, to provide a more definitive interpreta- 
tion of this phenomenon. 

In polycarbonate, oxygen diffusion coefficients obtained 
in the presence of nitrogen are likewise larger than those 
obtained in the absence of nitrogen over the entire 
temperature range examined (Figure 7). In this case, the 
Arrhenius plot of the N2-doped material yields Eact = 44.4 
kJ mol-' and Do = 4.6 cm2 s-l, both of which are larger 
than corresponding values obtained in the absence of 
nitrogen. Thus, the phenomenon of plasticization by 
nitrogen, as reflected in the oxygen diffusion coefficient, 
is more clearly manifested in polycarbonate than in 
polystyrene. 

Conclusions 
Our limited temperature ranges, the temperature de- 

pendence of the oxygen diffusion coefficient can be 
quantified by using an Arrhenius expression in which the 
following parameters are defined: (a) a diffusion activation 
barrier, Eact, and (b) a diffusion coefficient, DO, for the 
"imaginary" condition of barrier-free gas transport. These 
parameters are interpreted to reflect dynamic and static 
elements of polymer free volume for the temperature 
domain over which the plot of In D us 1/T is linear. 

Data recorded from amorphous polystyrene and poly- 
carbonate glasses indicate that the incorporation of a low 
molecular weight additive in the polymer matrix can either 
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inhibit or facilitate oxygen diffusion relative to diffusion 
in the unperturbed, additive-free material. Furthermore, 
addition to the polymer of as little as 1 ?6 (by weight) of 
a solute can cause a comparatively large change in the 
oxygen diffusion coefficient. 

The addition of a low molecular weight solute to 
amorphous polystyrene and polycarbonate glasses can alter 
the oxygen diffusion coefficient by affecting the dynamic 
and/or static free volume of the material. These effects, 
in turn, are manifested in the parameters Eact and DO. It 
is suggested that, when classifying the additive as either 
a plasticizer or antiplasticizer, it is more appropriate to 
consider Ea,, and DO rather than individual values of D. 
The basis for this suggestion derives from the observation 
that, at a given concentration, the additive may at one 
temperature cause an increase in D relative to that found 
in the additive-free material; whereas, at a different 
temperature, the additive may cause a decrease in D 
relative to that found in the additive-free material. Despite 
these apparently different behaviors, the perturbation 
caused by the additive on a molecular level nevertheless 
remains the same over the entire temperature range for 
which the plot of In D us 1/T is linear. These observations 
should be useful to those interested, for example, in the 
construction of polymer membranes as gas barriers. 
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