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ABSTRACT: Oxygen diffusion coefficients, D, have been measured as a function of temperature over
the range 5-35 °C in films of poly(ethylene-co-norbornene). In the technique employed, the time evolution
of oxygen sorption into the film was monitored using the phosphorescence of singlet oxygen as a
spectroscopic probe. Many properties of these amorphous glassy materials depend significantly on the
ethylene-to-norbornene ratio in the copolymer. For example, for samples in which the norbornene content
in the copolymer was increased from 35 to 62%, the glass transition temperature of the material increased
over the range 79-178 °C. Nevertheless, with these same changes in chemical composition, values of
D(25 °C) varied only slightly over the range (2-6) × 10-8 cm2 s-1, and values of the apparent diffusion
activation energy, Eact, varied slightly over the range 35-40 kJ mol-1. The values of D(25 °C) obtained
correlate reasonably well with calculated values of the polymer free volume as well as with the average
free volume cavity size determined for these samples using positron annihilation lifetime spectroscopy.
These data are consistent with models of diffusion that are based on the dynamic redistribution of local
voids of critical volume into which the diffusing molecule can move. This study thus provides the foundation
for attempts to regulate oxygen transport in these technologically and industrially important materials.

Introduction

Quantifying, understanding, and ultimately control-
ling the diffusion of small molecules in amorphous
glasses are critical to the development and use of many
polymeric materials.1-4 The diffusion of molecular oxy-
gen is particularly important. On one hand, as a
diatomic molecule, oxygen is a representative small
molecule that can be used to probe a range of general
phenomena related to the interaction(s) between the
penetrant and the host matrix. On the other hand,
oxygen has many unique properties that distinguish it
from other small molecules.5 In particular, oxygen is a
key participant in many processes that result in polymer
degradation and in the degradation of materials that a
given polymer may be designed to protect.6,7 Embodied
in this latter point is the importance associated with
the development of polymeric oxygen barrier materials.
Of course, given the earth’s atmosphere and materials
in equilibrium with the earth’s atmosphere, oxygen is
ubiquitous.

Approximately 10 years ago, we developed a spectro-
scopic technique to quantify oxygen diffusion coefficients
in polymer films.8 We have since used this tool to
address a variety of issues related to the diffusion of
oxygen in glassy polymers.9-11 In this approach, oxygen
sorption into the polymer is monitored using the near-
infrared phosphorescence of singlet oxygen, O2(a1∆g), as
the spectroscopic probe [O2(a1∆g) f O2(X3Σg

-) + hν
(∼1270 nm)]. In our studies thus far, singlet oxygen has
been produced by energy transfer to ground-state
oxygen, O2(X3Σg

-), from a photosensitizer dissolved in
the polymer. Upon exposure of a degassed polymer
sample to an ambient atmosphere containing oxygen,
the time-dependent singlet oxygen signal thus observed

reflects the rate of oxygen sorption by the sample. In
turn, for a sample of known thickness, l, these data
directly yield the oxygen diffusion coefficient, D. For
diffusion coefficients recorded as a function of temper-
ature, an apparent activation energy, Eact, for the events
associated with this diffusion can be obtained from
Arrhenius plots of the data.

Over the past decade, the development of metallocene-
catalyzed polymerization reactions has made it possible
to prepare a host of new materials.12 Of particular
interest have been polymeric saturated hydrocarbons
derived from the random copolymerization of ethylene
or propylene, for example, with bulky cycloolefins.12,13

Unlike the homopolymers poly(ethylene) and poly-
(propylene), which are semicrystalline, the cycloolefin
copolymers are generally amorphous. The latter is
simply a consequence of the cycloolefin “disrupting” the
packing of homopolymeric segments. In turn, materials
that have a range of unique properties can be prepared
simply by altering the relative amount of cycloolefin
used in the copolymerization.12

One series of commercially available cycloolefin co-
polymers is derived from the polymerization of ethylene
and norbornene (Scheme 1).12 These particular copoly-
mers are transparent in the visible and UV regions of
the spectrum, have a low birefringence, and do not
fluoresce. As a consequence, they are ideal candidates
for use as optical components, including lenses and
compact disks.14 Moreover, these copolymers are good
electrical insulators and excellent water barriers and
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can have glass transition temperatures, Tg, well in
excess of 100 °C. Thus, these materials are also useful
in the manufacture of devices and/or packaging,14

particularly for the medical industry where sterilization
by heating is commonly employed.

It is possible to significantly alter properties of these
ethylene-norbornene copolymers, such as the glass
transition temperature, simply by changing the ethyl-
ene/norbornene ratio in the copolymer.12 With this in
mind, we set out to investigate how such changes in the
chemical composition of the copolymer influence both
the oxygen diffusion coefficient, D, and the apparent
diffusion activation barrier, Eact, obtained from experi-
ments performed as a function of temperature. On a
more general level, very few studies have, to our
knowledge, systematically examined the influence of
copolymer chemical composition on gas diffusion.15,16

Experimental Section

The instrumentation and approach used to spectroscopically
monitor the time evolution of oxygen sorption into polymer
films have been described.8-11 The positron annihilation
lifetime measurements were performed using an approach and
instrumentation that have likewise been described.17 Perme-
ability measurements were performed using the “oxtran”
instrument manufactured by MOCON, Inc.

The four cycloolefin copolymers used in this study were
obtained from Hoechst Ticona, Germany. The material was
received in the form of pellets and was used without further
purification. In the nomenclature of Hoechst Ticona, the
materials used were TOPAS 8007, 6013, 6015, and 6017,
respectively. The acronym TOPAS derives from the phrase
thermoplastic olefin polymer of amorphous structure. To better
facilitate our discussion, however, we refer to these copolymers
of ethylene and norbornene with the acronym EcN. When it
is desirable to identify a material with a specific norbornene
content, the mol % of norbornene is added in parentheses.
Thus, a sample of poly(ethylene-co-norbornene) that consists
of 35% norbornene is denoted EcN(35).

The oxygen sorption experiments were performed using
tetrakis(4-tetradecyloxymethylphenyl)porphine, so-called lipo-
TPP (Porphyrin Systems, Germany), as the singlet oxygen
photosensitizer. In samples that contain dissolved oxygen,
singlet oxygen is efficiently produced upon irradiation of lipo-
TPP at 420 nm. When preparing the polymer samples, the
amount of sensitizer used was adjusted to yield an absorbance
at 420 nm of ∼0.3-0.6 in the final film. This corresponds to a
sensitizer concentration of ∼(1-2) × 10-3 M in the film. At
such concentrations, the presence of the sensitizer does not
perturb oxygen diffusion in the polymer.8,9

EcN films used in the oxygen sorption experiments were
prepared by spin-casting using a Headway Research model
EC101DT-R790 photoresist spinner. In a typical procedure,
the EcN pellets and the singlet oxygen sensitizer were dis-
solved in benzene. The amount of polymer used was generally
10-20 wt %. The benzene solutions of polymer and sensitizer
were maintained at 60 °C for 2 h to achieve homogeneity and
then were spin-cast onto glass plates that were likewise
maintained at ∼60 °C. A typical spinning speed was between
3000 and 7000 rpm. After standing for 24 h at ambient
temperature and pressure, the spin-cast films were then placed

under vacuum for 24 h. Finally, the films were annealed at
50 °C for 24 h under vacuum using a Lab-Line Duo-Vac oven
(model 3620-ST-1). Under these conditions, films with a
thickness in the range ∼8-16 µm were generally produced.

It is important to note at this juncture that, under these
preparative conditions, the behavior of EcN(62) was slightly
different than that of the other three copolymers of ethylene
and norbornene. Specifically, EcN(62) did not dissolve par-
ticularly well in benzene, and even after heating, the solution
did not appear fully homogeneous. Rather, solutions of the
polymer appeared to have two “phases” of different viscosity,
and good quality films could be cast only from the less viscous
material. On the other hand, when examining other properties
of these copolymers (Table 1), we were unable to observe
anything particularly unusual about the EcN(62) material
used other than a weight-average molecular weight that is
perhaps slightly larger than that for the other copolymers. In
this same vein, it is likewise important to note that we had
similar difficulties in dissolving the other EcN copolymers after
they had been stored for over 2 years at ambient temperature.

In this study, the film thickness is an important parameter.
Thus, to enhance the accuracy of our data, three independent
methods were used to quantify film thicknesses. In the first,
a microscope attached to a Fourier transform IR spectrometer
was used to record interference fringes in the reflection-
absorption spectrum of the polymer (i.e., the sample was placed
on a reflective gold mirror). A Bruker IRscopeII connected to
a Bruker IFS-66v/S spectrometer was used for this work. In
this approach, the sample thickness, l, is obtained from the
period of the interference fringes, ∆ν, via the relation l )
(2n∆ν)-1, where n is the refractive index of the polymer.18,19

In a given spectrum, the interference fringes were evaluated
over the range ∼1500-2300 cm-1. In the second method, the
film thickness was determined via the Lambert-Beer relation
using the UV/vis absorbance of the photosensitizer dissolved
in the film. In the third method, a profilometer (DEKTAK
V200SI) was used to quantify the film thickness. For a given
film, the thicknesses obtained via these independent tech-
niques were consistent with each other.

The positron annihilation lifetime experiments were per-
formed with spin-cast EcN films as well as with thicker EcN
plates. EcN films were prepared in the same way as described
above with the exception that the sensitizer was not incorpo-
rated into the polymer. The annealed films were peeled-off of
the glass plate, cut into small rectangles (∼8 × 12.5 mm), and
stacked to yield a total sample thickness of ∼0.8 mm (i.e., a
stack of ∼80 layers). EcN plates were prepared by heat-
pressing the polymer pellets at 100 °C above the respective
values of Tg using a press (F.S. Carver, Inc., model C) that
was equipped with a film-pressing tool (Specac Inc.). The latter
consisted of heated platens, two polished stainless steel
pressing plates, disposable aluminum wafers between which
the polymer pellets were placed, and calibrated spacers to
control the thickness of the films. In a typical preparation, the
polymer pellets were first heated to the desired temperature,
held at this temperature for about 6 min to render the polymer
melt homogeneous, and then pressed for 1 min at 1.5 tons.
Upon releasing the pressure, the steel plates containing the
sample were cooled to room temperature using a water-cooled
heat sink (Specac Inc.). The polymer film was then removed
from the pressing plates, and the aluminum wafers peeled
away. Plates 100 µm thick were prepared and then stacked to
yield a total sample thickness of 1 mm.

Table 1. Properties of the Poly(ethylene-co-norbornene), EcN, Samples Used in This Study

EcN(35)
[TOPAS 8007]

EcN(51)
[TOPAS 6013]

EcN(57)
[TOPAS 6015]

EcN(62)
[TOPAS 6017]

norbornene content (mol %) 35 51 57 62
Tg (°C) 78.8 139.9 159.9 177.8
Mn (g mol-1) 34000 50000 46000 49000
Mw (g mol-1) 116000 102000 125000 135000
polydispersity index 3.4 2.0 2.7 2.7
density (g cm-3) 1.002 ( 0.001 1.015 ( 0.001 1.019 ( 0.001 1.023 ( 0.001

7190 Poulsen et al. Macromolecules, Vol. 36, No. 19, 2003



EcN samples used for the permeability experiments were
likewise prepared by heat-pressing. The thickness of the
samples used was typically 100 µm.

The glass transition temperatures of the EcN samples were
determined using differential scanning calorimetry performed
at a rate of 10 °C min-1 (PL-Thermal Sciences). The densities
of the EcN samples were determined using a Mettler AE-100
analytical balance equipped with a model ME-33360 density
determination kit. For these measurements, the sample
dimensions used were ∼1 × 1 × 0.1 cm, and the reference
liquid was 99.9% methanol.

Size exclusion chromatography (SEC) was used to charac-
terize the molecular weights and molecular weight distribu-
tions of the EcN samples. The SEC system was composed of
three columns: a 50 mm × 7.5 mm PLgel 5 µm guard, a 300
mm × 7.8 mm Waters Styragel HMW6E, and a 300 mm × 7.5
mm PLgel 5 µm mixed-D. A differential refractometer/viscom-
eter (Viscotek model 200) and an optical detector for right
angle scattered light (Viscotek model 600) were used to
monitor the material eluted. The columns and the detectors
were maintained at 20 °C. A mixture of 75 vol % tetrahydro-
furan and 25% 1,3,5-trimethylbenzene was used as the eluent
and was pumped through the system at a rate of 1.0 mL/min
(Shimatzu LC-10AD HPLC pump). The light scattering and
refractometer signals were calibrated to a 110 000 Da poly-
styrene standard that had a polydispersity of less than 1.01
(Waters part no. 41995).

Results and Discussion

1. Characterization of the EcN Samples. Four
different copolymers of ethylene and norbornene were
used in this study. Specific features of these respective
samples of poly(ethylene-co-norbornene), EcN, are shown
in Table 1.

As outlined in the Introduction, one of the principal
variables of interest in this study is the ethylene/
norbornene ratio in the copolymer. For the materials
supplied by Hoechst Ticona, the norbornene content was
assessed using 1H NMR spectroscopy with the assign-
ments of Bergström et al.20 The data obtained indicated
that the samples had a norbornene content that ranged
from 35 to 62%. Although the norbornyl moiety in a
given EcN sample can exist as one of three different
stereoisomers (exo-exo, endo-endo, and exo-endo), the
13C NMR spectra of our samples revealed no evidence
of the endo-endo and exo-endo isomers. Furthermore,
these same spectra were consistent with a random
distribution of the ethylene and norbornene moieties.
In this regard, as the norbornene content in a given
sample increased, the percentage of norbornene-nor-
bornene linkages in the polymer likewise increased. In
the analysis of these data, the 13C NMR assignments
of Stothers et al. were used.21

The most pronounced effect of this change in the ratio
of ethylene to norbornene moieties appears in the glass
transition temperature, Tg, of the respective polymers.
For the samples examined in this study, values of Tg
ranged from 79 °C for EcN(35) to 178 °C for EcN(62).
Moreover, the values of Tg obtained depend linearly on
the norbornene content in the copolymer (Figure 1). This
observation is consistent with that of Rische et al.22

2. Oxygen Diffusion Measurements. Upon the
exposure of a degassed polymer film to an ambient
atmosphere containing oxygen, the polymer sample
sorbs oxygen until equilibrium is reached with the
ambient atmosphere. This process of gas sorption can
be monitored using the phosphorescence of singlet
oxygen as a spectroscopic probe (Figure 2).

In the triplet state photosensitized production of
singlet oxygen, such as that employed in the present

study, the intensity of the singlet oxygen phosphores-
cence signal observed, I∆ , is proportional to the fraction
of sensitizer triplet states quenched by ground-state
oxygen (eq 1).8,11

The proportionality constant γ includes a variety of
parameters such as the efficiency of singlet oxygen
radiative deactivation, the quantum efficiency of sen-
sitizer triplet state formation, and instrumental param-
eters that account for signal collection efficiency and
amplification.8,11 In eq 1, kq is the bimolecular rate
constant for oxygen quenching of the sensitizer triplet
state, and kT is the sum of all rate constants for triplet
state deactivation that are independent of oxygen. At
low oxygen concentrations where kq[O2] , kT, I∆ de-
pends linearly on the oxygen concentration in the
polymer.8,11 This can be seen in plots of the equilibrium
singlet oxygen phosphorescence intensity, obtained from
plots such as those shown in Figure 2, against the
ambient oxygen pressure (Figure 3). Plots such as those
shown in Figure 3 indicate that, for all the EcN samples
examined, the intensity of the singlet oxygen phospho-
rescence signal observed is linearly proportional to the
oxygen concentration in the sample under conditions in
which the polymer is exposed to oxygen pressures less
than 40 Torr. Thus, experiments to quantify oxygen

Figure 1. Plot of the glass transition temperature, Tg, for the
four EcN samples studied against the norbornene content of
the respective copolymer. The solid line is the result of a linear
least-squares fit to the data. Errors on a given value of Tg are
embodied in the size of the circle used to plot the data.

Figure 2. Singlet oxygen phosphorescence intensity recorded
as oxygen is sorbed into a 10 µm thick film of EcN(51) cast
onto a glass substrate. These data were recorded upon
exposure of a degassed film to 40 Torr of oxygen (arrow
indicates moment of exposure). The dotted line is the result
of a fit of eq 2 to the data. The spikes on the trace reflect the
response of our infrared detector to adventitious cosmic rays.

I∆ ) γ
kq[O2]

kq[O2] + kT
(1)
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sorption into EcN films were performed by exposing
degassed samples to an ambient atmosphere containing
40 Torr of oxygen.

Under conditions in which the intensity of the singlet
oxygen phosphorescence signal is linearly proportional
to the amount of oxygen that has been sorbed by the
sample, data such as those shown in Figure 2 can be
analyzed to yield the oxygen diffusion coefficient D.
Specifically, using Fick’s second law for one-dimensional
diffusion, the time-dependent sorption plots behave
according to the expression shown in eq 2.8,11,23

In eq 2, I ∆
t and I ∆

∞ represent the singlet oxygen phos-
phorescence intensity at times t and infinity, respec-
tively, and l is the film thickness.

In iterative fits of eq 2 to data such as those shown
in Figure 2, oxygen diffusion coefficients can be obtained
under a variety of conditions. Of particular interest are
diffusion coefficients obtained as a function of temper-
ature, T. According to the Arrhenius relation (eq 3),
plots of ln D against 1/T yield an apparent activation
energy for diffusion, Eact.9,10

Oxygen diffusion coefficients were obtained for the
EcN samples over the temperature range 5-35 °C. Data
obtained from the respective Arrhenius plots (e.g.,
Figure 4) as well as the diffusion coefficients recorded
at 25 °C, D(25 °C), are listed in Table 2.

The data in Table 2 clearly indicate that, despite
pronounced changes in some properties of the EcN
samples as a function of the norbornene content (e.g.,
Tg), values of D(25 °C), Eact, and D0 do not vary
significantly with a change in the ethylene/norbornene
ratio. Nevertheless, values of D(25 °C) appear to in-
crease slightly with an increase in the norbornene
content of the copolymer (Table 2, Figure 5). [At this
juncture, when looking for apparent trends in the data,
it is perhaps important to recall from the discussion in

the Experimental Section that, when preparing the EcN
films, EcN(62) did not behave in the same way as did
the other copolymers.]

To our knowledge, oxygen diffusion coefficients have
not previously been quantified in copolymers of ethylene
and norbornene. On the other hand, values of D(25 °C)
have been obtained from permeability (i.e., time lag)
measurements on the homopolymers, poly(norbornene)
and poly(ethylene). For poly(norbornene), Yampolskii et
al.24 report a value of D(25 °C) ) 6.6 × 10-8 cm2 s-1.
The latter is slightly larger than that observed in our
experiments with EcN(57) and EcN(62) but, neverthe-
less, is consistent with our results given the apparent
increase in D(25 °C) with an increase in the norbornene
content. The diffusion coefficient of oxygen in poly-
(ethylene) is highly dependent on the degree of crystal-
linity in the given sample,25 and values of D(25 °C) in
the range (1-5) × 10-7 cm2 s-1 have been reported.26-28

Although these numbers are approximately 1 order of
magnitude larger than those obtained in our experi-
ments using the EcN sample with the smallest nor-
bornene content (35%), this is not surprising since there
are significant morphological differences between these
materials. The values of D(25 °C) we obtained for the
EcN samples, ranging from ∼2 × 10-8 to 6 × 10-8 cm2

s-1, are similar to those observed in glassy poly(methyl
methacrylate) and poly(carbonate) samples (∼(2-4) ×
10-8 and ∼6 × 10-8 cm2 s-1, respectively).9-11 The
values of Eact obtained for the EcN samples, ranging
from ∼35 to 40 kJ mol-1, are likewise similar to those
obtained, for example, from samples of glassy polysty-
rene (Eact ∼ 31 kJ/mol) and polycarbonate (Eact ∼ 40 kJ
mol-1).9-11

3. Oxygen Permeability Measurements. As men-
tioned in the previous section, the oxygen diffusion
coefficient in many polymeric materials can also be
quantified using a technique in which the oxygen flux
through the polymer is measured as a function of time.
In this approach, the so-called time-lag method,1 the
data yield the permeability, P, and the diffusion coef-

Figure 3. Plot of the equilibrium singlet oxygen phosphores-
cence intensity against the pressure of oxygen in the atmo-
sphere surrounding the polymer sample. The equilibrium
phosphorescence intensity is obtained from plots such as that
shown in Figure 2 at times where the sample has reached
equilibrium with the ambient atmosphere. These data were
recorded from a sample of EcN(51) containing the sensitizer
lipo-TPP. The solid line is the result of a linear least-squares
fit to the data e 40 Torr.

I ∆
t

I ∆
∞

) 1 - ∑
n)0

∞ 8

(2n + 1)2π2
exp(-D(2n + 1)2π2t

4l2 ) (2)

D ) D0 exp(-Eact

RT ) (3)

Figure 4. Arrhenius plots for the oxygen diffusion coefficient
D in (a) EcN(35) and (b) EcN(62).
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ficient, D. The solubility of oxygen in the given polymer,
S, can then be estimated from the relation S ) P/D.

With respect to quantifying the diffusion coefficient
D, there are significant differences between the time-
lag method and our sorption method. Each method has
its advantages and disadvantages that, in turn, are
reflected in the accuracy of the data recorded from a
given sample. It is not the purpose of the present study,
however, to address these differences. Rather, it is
desirable to simply provide independent values of D(25
°C) for the EcN samples studied.

The oxygen flux, J(t), through the EcN samples was
monitored as a function of time (Figure 6a). The data
obtained can be described using the appropriate solution
to Fick’s second law (eq 4),1,29 where p is the oxygen
pressure to which the sample is exposed and l is the
film thickness. The permeability, P, and the diffusion
coefficient, D, were obtained in iterative fits of eq 4 to
the data (Table 3).

Alternatively, using standard time-lag plots such as
those shown in curve b in Figure 6, in which the
integrated flux is plotted against time, values of the
permeability, P, can be obtained from the slope of the
data recorded under steady-state flux conditions, and
values of D can be obtained from the intercept.

The accuracy of the data recorded in these perme-
ability experiments is not particularly high. For ex-
ample, note in Figure 6a that there is poor correspon-
dence between the data and the model derived from eq
4. Nevertheless, within the error limits, the values of
D(25 °C) obtained using the permeation approach agree
with those obtained using our oxygen sorption method.
Published values of the oxygen permeability in the
homopolymer poly(norbornene) are in the range 2-10
barrers (1 barrer ) 10-10 cm3 (STP) cm s-1 cm-2

cmHg-1).24,30 Published values for the oxygen perme-
ability in poly(ethylene) are somewhat smaller: 2-5
barrers for low-density poly(ethylene)27,28 and 0.4 bar-
rers for high-density poly(ethylene).26 In comparison to

these data on the homopolymers, the values of P
obtained from the EcN samples appear reasonable.

4. Polymer Free Volume. The free volume of a
polymer is defined as the difference between the total
volume of a given sample, v, and the volume occupied
by the polymer, v0. The fractional free volume, FFV, is
defined as

Because v and v0 depend on the temperature of the
given sample, it is expected that both the free volume
and FFV will likewise vary with temperature.

In the free volume theory of diffusion, the motion of
the penetrant depends on the dynamical redistribution
of the free volume in the host medium.31 Specifically,
the diffusion of a molecule with a given volume through
the host medium is governed by the probability of
finding a void, or hole, in the host medium into which
the penetrant can move. On this basis, Fujita32,33

expressed the diffusion coefficient, D, for a given mol-
ecule using the following function

where the parameters Ad and Bd reflect the size of the
penetrant as well as interactions between the penetrant
and host. Although the sample temperature, T, is not

Table 2. Oxygen Diffusion Coefficients, D, Diffusion Activation Energies, Eact, and Arrhenius Preexponential Factors, D0,
for the Samples of Poly(ethylene-co-norbornene), EcN, Used in This Study

EcN(35) EcN(51) EcN(57) EcN(62)

D (25 °C) (cm2 s-1) (2.2 ( 0.3) × 10-8 (3.4 ( 0.6) × 10-8 (5.8 ( 0.8) × 10-8 (4.9 ( 0.7) × 10-8

Eact (kJ mol-1) 38.2 ( 1.5 39.6 ( 2.9 39.6 ( 2.0 35.2 ( 1.5
D0 (cm2 s-1) 0.11 ( 0.05 0.3 ( 0.2 0.5 ( 0.4 0.07 ( 0.04

Figure 5. Plot of the oxygen diffusion coefficient recorded at
25 °C, D(25 °C), against the norbornene content for the four
EcN samples examined.

J(t) )
Pp

l (1 + 2∑
n)1

∞

(-1)n exp(-n2π2 D

l2
t)) (4)

Figure 6. (a) Time dependence of the oxygen flux, J(t),
through a 100 µm thick sample of EcN(35). At time ) 0, the
sample was exposed to oxygen. Prior to this time, the sample
was exposed to nitrogen for 17.5 h. The solid line reflects the
fit of eq 4 to the data. (b) Plot of the integrated flux, Jint (i.e.,
the total amount of permeated oxygen), as a function of time
for the same 100 µm thick sample of EcN(35). The permeability
P was obtained from the slope of the line shown and the
diffusion coefficient D from the intercept.

Table 3. Oxygen Permeability, P, Diffusion Coefficient, D,
and Solubility, S, Obtained from Time-Lag Oxygen Flux

Experiments Performed at 25 °C

EcN(35) EcN(51)

P (barrera) 0.46 ( 0.05 0.73 ( 0.08
D (cm2 s-1) (3.9 ( 1.4) × 10-8 (2.7 ( 0.6) × 10-8

S (cm3(STP) cm-3 atm-1) (9 ( 3) × 10-2 (2.1 ( 0.5) × 10-1

a 1 barrer ) 10-10 cm3 (STP) cm s-1 cm-2 cmHg-1.

FFV )
v - v0

v
(5)

D ) Ad exp(-
Bd

FFV) (6)
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explicitly included in eq 6, it should be apparent from
the expected functional dependence of FFV on T that
the diffusion coefficient D, as expressed in eq 6, should
likewise depend on temperature.

In the model from which eq 6 derives, it is assumed
that diffusion is governed solely by the probability of
finding a void of critical volume into which the pen-
etrant can move. If an activation barrier, Ed, must be
overcome in order for the penetrant to “jump” from one
void to the next, eq 6 must be modified. To this end,
the use of eq 7 has been proposed.34,35

In eq 7, the term exp(-Ed/RT) defines the fraction of
penetrant molecules that, at the temperature T, have
sufficient energy to overcome the barrier Ed.

Given these principal tenets of the free volume theory
of diffusion, we set out to ascertain whether norbornene-
dependent differences in free volume could be a factor
in establishing the magnitude of D(25 °C) in the EcN
samples.

Calculated Free Volumes. The total molar volume v
of a given material can be obtained from the molecular
weight and density of the polymer. For this same
material, the volume occupied by the polymer, v0,
depends on the van der Waals volume, vvdw, of the
macromolecule itself. Estimates of vvdw can be obtained
in several ways. In the van Krevelen/Bondi method, vvdw
is calculated as the sum of the van der Waals volumes
of the individual functional groups that make up the
macromolecule.36,37 In the method of Bicerano,38 the
position of individual atoms in space (i.e., the topology
of the system) is used along with the atomic van der
Waals volumes to calculate vvdw.

Using these respective methods, values of vvdw were
calculated for each of the EcN samples examined in this
study (Table 4). To our knowledge, however, input
parameters specific for the norbornyl system are not yet
available for use with these methods (e.g., for the
Bicerano approach, the topology of the system was
created using the COMPASS force field39 which lacks
the appropriate norbornyl information). Thus, in per-
forming these calculations, it was necessary to make
some crude approximations, and not surprisingly, the

values of vvdw obtained using the van Krevelen approach
differ from those obtained using the Bicerano approach.
Nevertheless, the trends observed are the same. Specif-
ically, the calculations indicate that the volume occupied
by the polymer, v0, increases with an increase in the
norbornene content (Table 4). Although the total molar
volume of the samples, v, likewise increases with an
increase in the norbornene content, the increase in v is
more pronounced. Thus, the amount of free volume in
the samples, v - v0, increases with an increase in the
norbornene content. These points are illustrated in
Figure 7.

Unfortunately, the accuracy with which values of ν0
is obtained is sufficiently poor that, when taking the
difference between ν and ν0 (eq 5), the error in the
resultant value of FFV is large enough to render any
further analysis meaningless. Nevertheless, it indeed
appears that, for the limited data set of EcN samples
studied, D(25 °C) tends to increase with an increase in
the free volume of the material. Specifically, the data
appear to be consistent with what one might expect from
models of diffusion that are based on free volume theory.

Positron Annihilation Lifetime Measurements. The
correlation between experimental values of the oxygen
diffusion coefficient, D(25 °C), and calculated values of
the free volume provides some insight into the mecha-
nism of oxygen movement in samples of glassy EcN. To
further substantiate this perspective, however, it is
desirable to experimentally ascertain whether the free
volume in the EcN samples indeed changes in the way
predicted by the van Krevelen and Bicerano calcula-
tions.

Positron annihilation lifetime spectroscopy (PALS) is
a technique by which the free volume in polymers can
be quantified.17 A positron is an electron’s antiparticle
and, upon annihilation with an electron, emits radiation
that can be detected in a time-resolved experiment.40

Upon exposure of a polymer sample to a positron source,
the decay of the positron population in the sample
occurs via a number of processes, each of which occurs
with a characteristic rate. Of particular interest to the
problem at hand is a comparatively slow process that
occurs over a period of several nanoseconds in which a
metastable state of a positron and an associated elec-
tron, the so-called orthopositronium (o-Ps), decays by a

Table 4. Values (in cm3 mol-1) of the Total Molar Volume,
v, the van der Waals Volume, vvdw, the Occupied Volume,
v0, and the Free Volume, v - v0, for the Four Samples of

poly(ethylene-co-norbornene), EcN, at 25 °C

EcN(35) EcN(51) EcN(57) EcN(62)

va 51.1 60.9 64.5 67.5
Van Krevelenb

vvdw 32.5 38.3 40.5 42.3
v0

c 42.3 49.8 52.7 55.0
v - v0 8.8 11.1 11.8 12.5

Biceranod

vvdw 34.9 41.5 44.0 46.1
v0

c 45.4 54.0 57.2 59.9
v - v0 5.7 6.9 7.3 7.6

a The molecular weights of the monomeric units, ethylene and
norbornene, were multiplied by the mole fraction of that mono-
meric unit in the polymer. The sum of these two terms was then
divided by the density of the material. b Obtained using the Bondi/
van Krevelen group contribution method.36,37 c The occupied
volume, v0, is usually estimated as v0 ) 1.3vvdw, where the factor
of 1.3 accounts for packing densities at 0 K.36 d Obtained using
the Bicerano topology method.38

D ) Ad
q exp(-

Ed

RT) exp(-
Bd

FFV) (7)

Figure 7. Plots of the total molar volume, v, and the volume
occupied by the polymer, v0, against the norbornene content
in the four EcN samples. For the data shown, v0 was calculated
using the method of van Krevelen.37 The solid lines are linear
fits to the four data points. For a sample of a given norbornene
content, the free volume, v - v0, can be obtained as the
difference between the lines shown (i.e., the double-headed
arrow).
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mechanism that depends on the electron density of the
surrounding environment. In short, the decay of this
metastable state is slower in a material containing large
voids than in a material containing smaller voids.
Indeed, with the assumption of spherical voids, an
estimate of the average void radius in the sample, R,
can be obtained from the orthopositronium lifetime, τ-
(o-Ps) (eq 8).41,42 In turn, using the relation Vf ) 4πR3/3
for the average volume of a given void, an estimate of
the free volume hole size in a sample can be obtained
from PALS experiments.

In eq 8, ∆R is an empirical parameter equal to 1.66 Å
and τ(o-Ps) is in ns.41,42

Data from PALS experiments were recorded from
solvent-cast EcN films as well as from heat-pressed EcN
plates. For each sample, values of τ(o-Ps) were obtained
over a range of temperatures. In turn, values of Vf
calculated using eq 8 could then be plotted as a function
of temperature. At a given temperature, the slope of this
latter plot defines the thermal expansion coefficient, R,
of the cavities in the sample.

In performing the PALS experiments, it was im-
mediately apparent that the temperature history of a
given EcN sample is an important parameter that
significantly influences the value of τ(o-Ps) recorded.
This point is illustrated in Figure 8. In this experiment,
τ(o-Ps) was obtained at 22 °C for a film of EcN(51) that
had been solvent cast and then annealed in an oven at
50 °C (see Experimental Section). The temperature of
the film was then increased in increments of 10 °C, and
values of τ(o-Ps) were obtained at each stage of the
proceedings. After having reached a temperature of 92
°C, which is still well below the Tg of 140 °C for this
material, the sample was cooled and τ(o-Ps) was again
recorded at 22 °C. The data indicate that this additional
heating in the PALS chamber served to further anneal
the sample which, in turn, reduced the average cavity
volume by ∼9% at 22 °C (dashed vertical line in Figure
8). The effect of a sample’s thermal history was also

apparent in data recorded from EcN plates that had
been heat-pressed at a temperature that was 100 °C
higher than the Tg of the given material (Figure 9).
Specifically, for a given EcN sample, values of τ(o-Ps)
obtained from the heat-pressed plates were uniformly
smaller than values of τ(o-Ps) obtained from a spin-cast
film, even though that film had been “extra annealed”
(i.e., heated to ∼90 °C in the PALS apparatus). The data
shown in Figures 8 and 9 clearly indicate that, for the
EcN samples examined in this study, annealing of
solvent-cast films for 24 h at 50 °C is not sufficient to
exclude further volume relaxation at temperatures
above 50 °C. This point must thus be kept in mind as
data from the respective experiments are compared.
(See Appendix 1 for a related comment on how PALS
data can be influenced by the solvent used for spin-
casting the polymer film.)

PALS data were systematically recorded from plates
of the EcN copolymers that had been pressed at 100 °C
above the respective values of Tg. For these samples,
orthopositronium lifetimes obtained over the range ∼0-
50 °C varied linearly with the sample temperature
(Figure 10). Using the linear regression from plots of
τ(o-Ps) against T, we obtained an accurate value for τ-
(o-Ps) at 25 °C as well as a value for dτ(o-Ps)/dT. In turn,
using eq 8, τ(o-Ps) was used to provide an estimate of
the average cavity volume, Vf, in a given sample (Table
5).

The experimental data clearly indicate that values of
τ(o-Ps) at 25 °C, and in turn Vf(25 °C), increase with an

Figure 8. Plot of the orthopositronium lifetime, τ, obtained
from PALS measurements against the temperature of the
polymer sample. Data were recorded from a film of EcN(51)
that had been solvent cast and then annealed in an oven at
50 °C (see Experimental Section). Exposure of this sample to
temperatures as high as 90 °C in the PALS apparatus further
annealed the sample. This is clearly evident in the heating-
induced decrease in the value of τ recorded at 22 °C (dashed
vertical line). The arrows show the direction in which the
temperature of the sample was changed during this experi-
ment.

τ(o-Ps) ) 0.5[1 - R
R + ∆R

+ 1
2π

sin(2π R
R + ∆R)]-1

(8)

Figure 9. Plot of the orthopositronium lifetime, τ, obtained
from PALS measurements against the temperature of the
polymer sample. Data were recorded from samples of EcN-
(51): (b) solvent cast film that had been heated to ∼90 °C in
the PALS apparatus; (0) polymer plate that had been pressed
at 240 °C.

Figure 10. Plot of the orthopositronium lifetime, τ, obtained
from PALS measurements against the temperature of the
polymer sample. Data were recorded from EcN(35) plates that
had been pressed at 180 °C. The solid line is a linear least-
squares fit to the data.
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increase in the norbornene content in the EcN copoly-
mers (Figure 11a). Although methods have been pro-
posed by which the fractional free volume, FFV, for a
given material can be obtained from PALS data,43 we
rather defer to the work of Maurer and Schmidt44 and
simply say that the FFV is expected to depend linearly
on values of Vf. Thus, we conclude that, in our EcN
samples, FFV at 25 °C increases with an increase in
the norbornene content.

The experimental data also clearly indicate that
values of dτ(o-Ps)/dT and, hence, values of the thermal
expansion coefficient of the free volume cavities, R,
decrease with increasing norbornene content (Figure
11b).

5. The Mechanism of Diffusion. This study pro-
vides insight into the mechanism(s) by which oxygen
transport is governed in these technologically and
industrially important materials.

It is generally recognized that motions of polymer
segments contribute significantly to the glass transition
of a polymeric material.45,46 The data on the present
cycloolefin copolymers clearly indicate that changing the

norbornene content in the copolymer has a pronounced
effect on Tg. Thus, by association, it appears that one
of the principal effects of this change in chemical
composition is to alter features of the polymer that
influence segmental motion in the macromolecule. On
the other hand, the data indicate that despite these
apparently significant changes in phenomena related
to polymer segments, changes in both D(25 °C) and Eact
are small. Thus, it appears that, for these copolymers,
larger scale segmental motions of the macromolecule do
not significantly influence oxygen diffusion. This conclu-
sion is also consistent with the time scales involved for
the respective processes (i.e., oxygen diffusion is a
comparatively fast process, whereas segmental motion
in polymer glasses is comparatively slow).

It is clear that the free volume in these polymer
samples increases with an increase in the norbornene
content (Table 5). Moreover, a reasonable correlation
between values of D(25 °C) and the average cavity
volume indicates that, in the samples studied, oxygen
diffusion appears to be influenced by the probability of
finding a local void of critical volume into which the
penetrant can move. This is one of the fundamental
tenets in the free volume theory of diffusion.

The data also indicate that there is an apparent
activation barrier, Eact, for oxygen diffusion in these
copolymers. Since this apparent barrier is essentially
independent of changes in the norbornene content, it
follows from the preceding discussion that this barrier
likely derives from thermally dependent local phenom-
ena, and not segmental phenomena, in the polymer. In
short, oxygen diffusion is indeed determined by more
spatially restricted phenomena in the polymer. This
conclusion is consistent with observations made regard-
ing oxygen diffusion in other polymer glasses.9,10

It is important to note that the PALS data recorded
as a function of temperature yield thermal expansion
coefficients for the free volume cavities that decrease
with an increase in the norbornene content. From
simple free volume considerations such as those em-
bodied in eq 6, one might thus expect a corresponding
change in the values of Eact (i.e., Eact would truly be an
apparent barrier that derives solely from the way
temperature-dependent changes in D reflect the cavity
expansion coefficients R). The data, however, appear to
indicate otherwise; within the errors of our experiment,
values of Eact are essentially independent of changes in
the norbornene content. This lack of correlation between
R and Eact may indicate that the temperature depen-
dence of D is due, in part, to processes other than the
thermal expansion of the free volume cavities. For
example, the temperature dependence of D could reflect
thermally activated local motions of the polymer that,
in turn, contribute to the dynamic redistribution of free
volume in the sample and/or an activation barrier for
the process in which oxygen “jumps” from one cavity to
the next. In short, Eact would indeed reflect a real
activation barrier. In this context, the present data thus
indicate that changing the norbornene content in the
copolymer does not have a significant effect on the
thermally accessible local motions of the macromolecule.

Conclusions

Oxygen diffusion coefficients, D, and apparent diffu-
sion activation barriers, Eact, have been measured in
films of poly(ethylene-co-norbornene). For the samples
used in this study, the norbornene content in the

Table 5. Lifetime of the Orthopositronium, τ(o-Ps), at 25
°C, Average Cavity Radius, R, Average Cavity Volume, Vf,
and the Cavity Thermal Expansion Coefficient, r, for the

Samples of Poly(ethylene-co-norbornene), EcN

τ(o-Ps)a

(ns)
R(25 °C)b

(Å)
Vf(25 °C)c

(Å3)
Rd

(Å3 °C-1)

EcN(35) 1.925 ( 0.003 2.786 ( 0.005 90.6 ( 0.2 0.19 ( 0.01
EcN(51) 2.047 ( 0.003 2.897 ( 0.005 101.9 ( 0.3 0.17 ( 0.02
EcN(57) 2.098 ( 0.003 2.945 ( 0.005 107.0 ( 0.3 0.16 ( 0.02
EcN(62) 2.158 ( 0.003 2.997 ( 0.005 112.7 ( 0.3 0.14 ( 0.02

a Obtained using the linear regression for data obtained over
the range 0-50 °C. b Calculated from the orthopositronium life-
time using eq 8 with the assumption that the voids are spherical.
c Obtained from the cavity radius R using the expression Vf )
4πR3/3. d Obtained from plots of Vf against T.

Figure 11. Plots of data obtained from PALS measurements
against the norbornene content of the EcN copolymers. (a) Plot
of the orthopositronium lifetime, τ, at 25 °C against the
norbornene content. (b) Plot that shows the temperature
dependence of the orthopositronium lifetime, dτ/dT, against
the norbornene content. The solid lines are linear least-squares
fits to the data.
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copolymer ranged from 35 to 62%. This change in
chemical composition is manifested in several ways. For
example, the glass transition temperature of the mate-
rial increases markedly as the norbornene content is
increased and, for the samples studied herein, covers
the range from 79 to 178 °C. Despite these rather
pronounced differences, however, only slight changes
were observed in both D(25 °C) and Eact as the nor-
bornene content in the copolymer was varied over the
same range. Nevertheless, the values of D(25 °C)
obtained correlate reasonably well with calculated
values of the polymer free volume and with the average
free volume cavity size experimentally determined for
these samples using positron annihilation lifetime
spectroscopy. The data are consistent with models of
diffusion that are based on the probability of finding a
local void of critical volume into which the penetrant
can move.
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Appendix 1

Effect of the Solvent used for Spin-Casting on
the PALS Data. We have demonstrated that the
thermal history of a given EcN sample influences the
value of τ(o-Ps) obtained in the PALS experiment. In
an independent series of experiments, we also discov-
ered that the choice of solvent used for spin-casting the
EcN films can likewise influence the results of the PALS
experiment.

For EcN films cast from CCl4, we discovered that the
long-lived orthopositronium component was absent in
the positron lifetime spectra. This is in contrast to data
recorded from films cast from benzene, for which the
orthopositronium component was clearly observed. It is
known that CCl4 is an efficient inhibitor of positronium
formation.47,48 Thus, the data appear to indicate that
our samples contain amounts of residual CCl4 sufficient
to influence the PALS results. Indeed, upon rigorous
heating of the samples that had been cast from CCl4 to
better facilitate removal of the residual solvent, the
characteristic orthopositronium decay component could
be observed in the positron lifetime spectra. For ex-
ample, for a film of EcN(35) whose Tg is ∼79 °C, it was
necessary to keep the sample under vacuum at 150 °C
for ∼20 h before the intensity of the orthopositronium
component was fully recovered. Upon cooling of this
same sample, the expected temperature-dependent
changes in τ(o-Ps) were observed, clearly revealing a
transition that corresponds to Tg for this material
(Figure 12).

It should be noted that the PALS data in Figure 12
yield a Tg for EcN(35) that is ∼8 °C less than that
obtained from differential scanning calorimetry mea-
surements (Table 1). This observation is entirely con-
sistent with the rate at which the temperatures were
changed in the respective experiments. Specifically, in
the PALS experiment, the data at each temperature
were acquired over a period of ∼24 h. Thus, as the
sample was cooled, the polymer had greater opportunity
to make necessary conformational changes and thus
could more closely approach equilibrium. On the other
hand, the rate of temperature change in the differential
scanning calorimetry experiments was 10 °C min-1.

Appendix 2

Comment on Possible Surface Effects. It is rea-
sonable to consider that the data recorded from com-
paratively thin samples could manifest, to a larger
extent, phenomena associated with the surface of the
film. Thus, for example, although the PALS data shown
in Figure 9 could indeed be a consequence of the
sample’s thermal history, these same data could also
reflect the more prominent effect of surface-related
phenomena on the thinner samples. On the basis of the
points outlined below, however, we conclude that, under
all circumstances, our films are sufficiently thick and
that the data always reflect phenomena associated with
the bulk polymer; unique surface effects cannot be
resolved.

For the PALS experiments performed under our
conditions, surface effects on the o-Ps lifetime are
limited to the outer ∼25 nm in a given film.49 Thus, for
our experiments, in which the thinnest samples were
∼8-16 µm thick, any surface-related effect will consti-
tute only a small part of the overall signal recorded.
With respect to the oxygen sorption experiments, we
have repeatedly demonstrated in both the present and
previous studies8 that, for samples prepared under
identical conditions, the diffusion coefficients obtained
are independent of film thickness over the range ∼10-
100 µm.

In conclusion, although surface effects could, in
principle, contribute to the phenomena monitored in our
experiments, these effects are insignificant in our data.
Rather, our data reflect phenomena associated with the
bulk polymer.

Figure 12. Plot of the orthopositronium lifetime, τ, obtained
from PALS measurements against the temperature of the
polymer sample. Data were recorded from films of EcN(35),
cast from CCl4, that had been kept under vacuum at 150 °C
for ∼20 h.
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